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Climate is widely recognized as a primary factor contributing to species distribution 
limits.  In turn, species’ geographic ranges have contracted and expanded in concert with Earth’s 
climatic history and are predicted to shift in response to future climate change.  We investigated 
the ecological and genetic consequences of species distributions in flux with their historical, 
current, and projected future climatic environments.  Chapter 1 introduces themes and 
background information related to the thesis research found in Chapters 2 through 4.  In Chapter 
2, we questioned the extent to which ancestral climate-related traits are conserved through vast 
periods of evolutionary time spanning the Cenozoic.  We found a significant correlation between 
mean annual temperatures experienced by ancestral plant species and those of their modern 
descendants, supporting the theory that plant lineages have largely tracked suitable climates 
throughout Earth’s history.  In Chapter 3, we used niche modeling applications to predict the 
locations where whitebark pine (Pinus albicaulis Engelm.), a threatened high elevation tree 
species, may seek refuge with future climate change.  We found regions dominated by 
  
xi 
 
Wilderness Areas where whitebark pine is predicted to perform well, and our results supported 
the species future climatic niche shift with respect to elevation but not latitude.  We suggested 
offsetting the species’ expected reduction in high elevation habitat by returning to a more 
prevalent fire regime, which was historically important to the species survival among 
competitive shade tolerant taxa at lower elevations.  In Chapter 4, we examined the genetic 
consequences of the Last Glacial Maximum on phylogeographic patterns of whitebark pine.  
Significant patterns of isolation by distance were detected by latitude and longitude, and species 
population structure was poorly defined.  Whitebark pine genetic partitioning was low within and 
among populations, which may benefit the species as it becomes increasingly endangered by 
pests, pathogens, climate change, and reduced fire frequency. As the threat of anthropogenic 
climate change is on the rise, future studies will benefit conservation efforts by further 
untangling the array of ecological and genetic impacts associated with a changing climate.  
Chapter 5 presents the thesis conclusion, tying together research findings from Chapters 2 
through 4.   
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Chapter 1: Introduction  
1.1 Species distributions responding to past and present climate change 
The characterizing of species distributions by their climatic settings dates as far back as 
200-400 BC, when Menestor noted the associations of evergreen and deciduous vegetation 
occurring in distinguished microclimates of ancient Greece (Morton 1981).  With modern 
scientific study, the recognition of species niches and their climatic attributes was expanded on 
by Grinnell (1917), when he considered temperature to be a limiting factor defining the ranges of 
multiple species.  Darwin (1859) also noticed climate-induced impacts on species survival, with 
multiple related studies appearing later on the seasonally-dependent distribution shifts of insects 
(Bale et al. 2002, Dennis 1993, Uvarov 1931, Ford 1945) and birds (Gudmundsson 1951, Harris 
1964, Kalela 1949, Kalela 1952, Salomonsen 1948).  At the time of this scrutiny, patterns of 
seasonal climate were considered stable, and lacked ties to modern political ramifications.   
Scientists now understand the long-term instability in climate, and can construct reliable 
projections of future climate change using established physical principles (IPCC 2007a).  
Acknowledgement in the scientific literature of potential forthcoming climate change first 
appeared in a review paper by Vitousek (1992), who drew attention to the magnitude with which 
future climate could impact Earth’s biota.  However, implications of human-induced climate 
change, as they are associated with rising greenhouse gas concentrations, were not recognized 
until later (Hough-Guldberg 1999, IPCC 2001, Parmesan & Yohe 2003).  Over the past 100 
years, Earth’s climate warmed on average 0.65 °C, with two phases of most extreme warming, 
from 1910-1945, and 1976 to present day.  During the latter period, the rate of warming doubled 
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with respect to the first phase of warming, representing the highest rate in temperature change 
over the last 1,000 years (IPCC 2001, IPCC 2007a).  Correlated with modern climate change of 
human-based causes, evidence of altered species distributions and disrupted ecological 
interactions has accumulated for a majority of taxonomic groups, both terrestrial and marine, 
worldwide (Parmesan & Yohe 2003, Parmesan 2006, Chen et al. 2011).  Further anthropogenic 
stressors, including pollution, habitat fragmentation, land-use changes, introductions of invasive 
species, and altered fire regime are expected to interact with climate change to disturb ecosystem 
processes (Millar et al. 2007, IPCC 2007a).   
In part from the increasing attention that modern climate change receives in the literature, 
greater significance has been placed on understanding historical climate and its impact on 
species survival and distributions (Svenning et al. 2015).  Major previous climatic events with 
lasting impacts on present day species distributions can be grouped into two phases.  The first 
entails Earth’s long-term cooling trend, since the late Mesozoic ca. 90 Mya (million years ago), 
with eventual glaciation events starting ca. 35 Mya (Cramer et al. 2011, Graham 2011).  The 
second describes more recent climate fluctuation of the Quaternary, within the last 2.58 My, 
characterized by glacial and interglacial cycles, strongly linked to Earth’s orbital geometry 
(Dynesius & Jansson 2000).  The most recent of these Quaternary climate oscillations caused the 
Last Glacial Maximum of the Pleistocene 24.5 Kya (thousand years ago).  Earth’s cooling across 
the Cenozoic is largely owed to declining atmospheric carbon dioxide concentrations associated 
with land mass distributions, sea floor spreading, and mountain formation (Ruddiman 2014); 
however, exact causes for the temperature decline are debated.  Since Earth’s hottest 
temperatures in history were associated with high carbon dioxide concentration, the climate of 
the Paleocene Eocene Thermal Maximum ca. 56 Ma may have similarities to future global 
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climates affected by rising greenhouse gas concentrations (IPCC 2007a).  Human perturbation of 
present day climate is expected to cause lasting impact on Earth’s cyclical patterns of climate, 
delaying the next Quaternary glaciation 100,000 years (Ganopolski et al. 2016).   
Species have varied physical tolerances and life histories, and therefore different 
responses when experiencing the same changes to climate (Parmesan & Yohe 2003, Parmesan 
2006, Hewitt 1999).  In response to modern climate change, previous studies suggest that local 
communities will disaggregate, causing individualized species range shifts (Jackson & Overpeck 
2000).  Therefore, species-level disturbances will not automatically scale up to community-level 
changes (Supp & Ernest 2014).  With climate change, responses of species may include 
migration to climatically suitable habitats, adaptation to novel climate environments, or 
extinction (Aitken 2008).  A single organism, on the other hand, may have the potential to 
acclimate within its lifetime to short-term climate fluctuation through phenotypic plasticity.   
Previous research has evaluated the extent of migration, adaptation, and extinction 
occurring with respect to past and present climate change.  Across the Cenozoic, the fossil record 
supports dramatic migration events of species, morphological changes suggestive of adaptation, 
as well as extinction events associated with more extreme climatic impacts (Prentice et al. 1991, 
Svenning 2003, Svenning 2015).  Massive extinction events characterized glacial cycles of the 
early Quaternary but tapered off with time, with the exception of large mammal die-offs around 
the Last Glacial Maximum, with are in part attributed to Homo sapiens (Svenning 2015).  There 
is also substantial support for species migration to new environments over shorter periods of 
time, by evaluation of comparable environments of related sister species, as well as by 
comparison of native and invaded habitats of newly invasive species (Peterson 2011).  With 
regards to adaptive potential of species responding to climate change, populations are known to 
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locally evolve to climates across a species geographic distribution (Baker 2001, Baker et al. 
2004, Rowan 2004), and climate change is bound to affect the fitness optimum for each locally 
adapted population (Davis & Shaw 2001).  Long-term studies of fruit flies (Drosophila), further 
show the potential for rapid evolutionary change, with warm-adapted genotypes increasing in 
frequency with seasonal warming in the matter of decades (Rodriguez-Trelles & Rodrigues 
1998, Rodriguez-Trelles et al. 1998, Levitan 2003).  However, the challenge of gene flow 
swamping locally adapted populations for most species is considered a major barrier to species-
level adaptation (Antonovics 1976, Garcia-Ramos & Kirkpatrick 1997, Hoffman & Blows 1994).  
With the rapidity at which climate is predicted to change in the coming century (IPCC 2007a), 
adaptation to novel environments may not provide an immediate enough response to ensure 
survival, particularly for species having longer generation times and associated slower adaptive 
processes (Donner et al. 2005, Hoegh-Guldberg 1999, Hoegh-Guldberg et al. 2002, Jump & 
Panuelas 2005).   
Since the survival of many species facing modern climate change will depend on 
opportunities for migration to suitable environments, the fragmented landscape could pose 
challenges for species unable to survive in human-impacted areas (Heller & Zavaletta 2009, 
Jump & Panuelas 2005).  Conservation areas often harbour ecosystems not found in the human-
disturbed landscape.  The topology of natural protected areas is therefore expected to create 
critical population connectivity for species dispersal and gene flow.  As species respond to 
climate change and show varying levels of survival, however, management practices may 
increasingly require adaptive practices implicating challenging ethical decisions, such as the 
prioritization of geographical areas for species survival, or the assisted migration of species to 
habitable climates (Heller & Zavaletta 2009, Millar et al. 2007, IPCC 2007b).  An integrated 
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understanding for each species’ ecology and evolution, and species’ roles in community-level 
processes, will serve to improve the effectiveness of decision-making and applied conservation 
efforts.   
 
1.2 The impact of climate change on plant species distributions 
Plants play essential ecological roles, from local to global scales, and our understanding 
of their potential responses to climate change is critical to human survival.  Plants are discernibly 
integral to society, as humans depend on them for nearly every product and process, including 
food, materials, and medications.  Plant species are common foundational components of 
ecosystem health, providing habitat, food resources, and mutualisms with animals, fungi, and 
microorganisms (Millar et al. 2007, Supp & Ernest 2014).  The vitality and long-term persistence 
of forests, in particular, has broader connection to global carbon storage and water cycles, both in 
turn impacting climatic stability and the prevention of major drought (IPCC 2007b).   
Since plants have strong associations with moisture, temperature, and seasonality, future 
climate change is predicted to cause substantial impacts on their survival and distribution.  That 
plants are related to their climatic environment is undeniable, even at a cursory level.  Vegetation 
zones, such as desert, boreal, and rain forest have strong climatic connotation and demonstrate 
impressive resemblance to climate maps (Woodward 1987).  At high elevation or poleward 
environments, minimum temperature is the major limiting factor affecting most plant species 
distributions, while maximum temperatures and low moisture tend to limit plant species ranges at 
lower elevations and latitudes (Woodward 1987, Colwell et al. 2008).  Vegetation distributions 
in montane environments are generally restricted to narrow altitudinal bands, while species at 
lower elevations have less delineated and more broadly characterized distributions (Jump et al. 
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2009).  For their clearly defined altitudinal vegetation gradients, mountain regions are ideal 
experimental laboratories for detecting the effects of climate on plant distributions.  Accordingly, 
nearly all studies documenting shifts in plant species distributions, associated with anthropogenic 
climate change, occur in montane environments (Iverson & McKenzie 2013, Kullman 2002, 
Beckage et al. 2008, Holzinger et al. 2008, Lenoir et al. 2008), and studies showing latitudinal 
range shifts of plants are lacking (Zhu et al. 2011).  On the other hand, the reduced vitality, 
death, and dieback of lowland plant distributions, which have been detected worldwide, may not 
be recognized as responses to modern climate change, given the more poorly defined climate 
gradients on horizontal physical features (Allen 2009, Allen et al. 2010, Jump et al. 2009).   
 
1.3 Ecological and evolutionary questions addressing climate change impacts 
on species distributions 
With anthropogenic climate change already showing correlations with upward and 
poleward species distribution shifts (Chen et al. 2011, Parmesan 2006, Parmesan & Yohe 2003), 
informed responses about species conservation will require an interdisciplinary understanding for 
maximum efficacy.  Here, we present context behind evolutionary and ecological questions, at 
macro- and micro-level scales, which evaluate the effects of past, current, and future climates on 
species distributions.  We summarize current areas of research underlying the dissertation and 
provide information on related fields addressing complementary questions.  While we omit 
several areas of study, such as phenological trends and community assembly with climate 
change, we recognize the importance of integrated research in a changing environment.   
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1.3.1 Understanding the extent to which species migrate or adapt in response to climate 
change 
 A seminal work by Hutchinson (1957) defined the species niche as those abiotic and 
biotic variables underlying the species distribution.  Understanding the extent to which species 
will migrate in response to climate change may be improved by knowing if a species niche 
quickly evolves, or is rather conserved, through time.  Studies have assessed conservation of the 
niche through time by comparing niches of related species or recently established invasive 
species, as a proxy for understanding the extent that species migrate to track suitable, and 
similar, environments.  Evidence of a conserved niche further supports the theories that adaptive 
processes are slower than extinction.  Furthermore, these concepts have broader ties to the theory 
that speciation events are dominated by modes of allopatry (Holt & Gaines 1992, Futuyma 1998, 
Mayr 1942).   
More specifically, the climatic niche of a species accounts for variables such as 
temperature, precipitation, and seasonality, where a species occurs.  Given the readily available 
amount of gridded climate data, relative to alternative abiotic variables, and the complexity of 
gathering fine-scale soil information or species interactions across the landscape, studies 
evaluating the stasis of niche-related traits through time have largely relied on climate variables 
(Wiens et al. 2010).  While there is sufficient evidence supporting the conservation of the 
climatic niche over shorter periods of time on the order of 100,000 years or less (Peterson 2011), 
understanding the temporal trend of traits being conserved over longer, evolutionary periods of 
time is less understood, and related studies lacking.   
Mechanisms causing constraints on niche-related traits may include stabilizing selection, 
excess gene flow preventing adaptation, genetic constraints due to pleiotropy, as well as genetic 
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constraints resulting from a lack of additive genetic variation (Wiens & Graham 2005, Losos 
2008).  Since these processes would be expected to dissipate over evolutionary periods of time, 
understanding their temporal pattern defines a pressing area of research in this field (Peterson 
2011).   
Overall, testing modern theories of adaptation with climate change, and finding natural 
environments for study systems, is a challenging task (Savolainen et al. 2007, Aitken et al. 2008, 
Franks & Hoffman 2012).  Nevertheless, modern research is further untangling the extent of 
local adaptation and finding the mechanisms underlying adaptive traits predicted to be important 
to survival with climate change (Alberto et al. 2013, Parmesan 2006, Aitken et al. 2008, Franks 
& Hoffman 2012).  Differences between the climate tolerance of leading and rear edge 
populations are evaluated through common garden experiments, which provide a controlled 
environment in which to measure adaptive traits from across the range of a species (Turesson 
1925).  These experiments have found ample evidence of local adaptation across latitudinal and 
altitudinal gradients, as well as between ecologically distinguished range margins (Alberto et al. 
2013, Muona 1989, Matyas 1997, Hampe & Petit 2005).    
In conjunction with controlled common garden or growth chamber applications, studies 
such as quantitative trait loci (QTL) mapping are exploring areas of the genome predicted to be 
associated with climate-related traits, such as thermal tolerance, drought tolerance, body size, 
and flowering time (Franks & Hoffman 2012, Aitken et al. 2008).  These studies show that 
multiple genes, and interactions among genes and their products, create gene networks that are 
unstable in varying environmental situations.  There is further evidence that epigenetics has the 
potential to alter thermal tolerance across generations, which could effectively provide rapid 
evolution in response to climate change (Franks & Hoffman 2012).  Outcomes from this research 
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suggest many avenues for adaptability specific to climate-related traits, though the temporal 
nature of adaptation and the convolution of underlying mechanisms remains unclear.   
 
1.3.2 Predicting future climate refugia for species, with climate change  
Since previous research suggests that niche-related traits are generally conserved over 
shorter periods of time (Peterson et al. 2011), niche modeling is useful to indicate areas where 
species may track suitable habitats with modern climate change.  Niche modeling captures 
ecological variables underlying a species distribution, with the boundaries of the ecological niche 
then projected to past or future climates (Hijmans & Graham 2006, Elith & Leathwick 2009).  
Detecting future climate refuges for species with climate change, at various rising greenhouse 
gas concentration scenarios (IPCC 2007a), is a leading application addressing inquiries about 
climate-impacted species distributions.  In the case that niche modeling predictions detect future 
suitable habitat occurring outside a species present range, studies can highlight candidate sites 
for assisted migration, and have already been effective in doing so (Gray et al. 2011, McLane & 
Aitken 2012).  Niche models can additionally aid in the detection of past climate refugia for 
species, at the time of the mid-Holocene and Last Glacial Maximum (Forester et al. 2013), a 
practice which is commonly combined with phylogeographic studies.  Current research is aimed 
at modifying models to more accurately capture species interactions, including climate-pest-
pathogen dynamics.  At this point in the technological progression of climatic niche modeling, 
model findings provide valuable insight about general trends of climate change impacts on 
species and their distributions (Araujo & Peterson 2012, Schwartz et al. 2012).    
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1.3.3 Tracking species previous distributions with fossils and phylogeography 
Paleontological evidence provides accounts of historical species distributions, in flux 
with climate, through the distribution and abundance of fossils, pollen distribution records, and 
contents of historic packrat (Neotoma) middens.  For example, fossils of palm trees (Arecaceae) 
and alligator relatives (Alligatoridae) were found on now glaciated islands of the circumboreal 
region, and dated to the Paleocene Eocene Thermal Maximum (Greenwood & Wing 1995, Pross 
et al. 2012, Wing & Greenwood 1993).  Pollen abundance data and packrat middens provide 
evidence of a cool, moist Mohave Desert and Great Basin, occupied by a coniferous woodland 
during the Pleistocene (Wells & Berger 1967, Thompson & Mead 1982).  The fossil record has 
been critical to our understanding for long-term species responses to climate change, even 
though its sparseness and taxonomic deficiency provides crude historical representations.   
Phylogeography, which aims to characterize the processes that contribute to the genetic 
structure of closely related lineages, is in part dependent on species distribution patterns, which 
are in turn affected by climate and glacial cycles (Avise 2000).  Phylogeography can be used in 
conjunction with paleontological evidence to combine multiple tools and paint more robust 
representations of species histories (Hewitt 2004).  In response to the Pleistocene glaciation, our 
most recent dramatic change in climate, species distributions were affected by cooler 
temperatures and expanding ice sheets, causing retreat to climate refuges, latitudinally and 
altitudinally (Hewit 2004).  The shifts in species distributions and ensuing demographic changes 
are detectable through testable predictions regarding events that alter the frequency and 
distribution of neutral genetic markers (Avise 2000).  For example, studies can explore 
population genetic structure caused by gene flow and genetic drift between populations, as well 
as patterns of isolation by distance resulting from range expansion.  Changes in allele frequency 
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by founder events and bottlenecks, or new mutations distributed by selection and demography, 
are also examined in light of past climatic events shaping species distributions.  This information 
can provide valuable insight into predicted patterns of gene flow and genetic drift caused by the 
impacts of future climate change.   
 
1.4 Summary of dissertation research questions 
Here, we provide a brief introduction to each chapter; however, comprehensive introductions 
are located at the beginnings of Chapters 2-4.   
In Chapter 2, we evaluate the extent to which ancestral climate-related traits are 
conserved over a vast period of evolutionary time.  Since the relative roles of migration and 
adaptation are debated over broad temporal scales, we use the extent to which the climatic niche 
is conserved to detect signal for long-term habitat tracking.  We further employed a novel way to 
measure an ancestral trait, which reduces bias in our estimations.  Before global cooling across 
the Cenozoic, the ancestors of modern Asian and American plant taxa inhabited a warmer 
Circumboreal region.  This study uses the times at disjunction between the Asian and American 
sister lineages in order to estimate an ancestral climatic niche, and we compare this estimation to 
the climates associated with plant species distributions of descendant American species.   
In Chapter 3, we make predictions about a plant species shifted climatic niche with 
anthropogenic climate change.  We evaluate the extent to which the distribution of the species 
climatically habitable environment changes with respect to protected areas, elevation, and 
latitude.  The study species for this chapter is whitebark pine (Pinus albicaulis Engelm.), a high 
elevation tree of the North American subalpine, which is severely threatened as a result of pests 
and pathogens, fire exclusion, and climate change.  Specifically, we investigate the extent to 
which suitable habitat for whitebark pine is available in Wilderness Areas, since these protected 
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lands have a historical hands-off conservation philosophy, presenting an issue for a species 
dependent on restoration efforts for continued survival in the wild.  Analyses for this chapter 
involved climatic niche modeling, which we critically evaluate in order to provide realistic 
management applications.   
In Chapter 4, we investigate the genetic consequences of past climate change on 
whitebark pine.  Previous studies based on phylogeography and fossil evidence suggest that 
whitebark pine was once a component of a coniferous woodland, occupying low elevation lands 
between mountains ranges of western North America.  We test the pattern of genetic isolation by 
distance and analyze genetic relationships with respect to the glacial and post-glacial history of 
the region. We further evaluate measures of genetic differentiation across populations, which is 
important given the species geographical distribution nearly restricted to treeline, and its 
critically threatened condition.  For this chapter, we employed genotyping by sequencing (GBS), 
a restriction digest-based method of gathering genome-wide single nucleotide polymorphism 
(SNP) markers using high-throughput genome sequencing.   
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2.1 Abstract 
 Previous studies suggest that the conservation of niche-related traits breaks down over 
time; however, evaluation of this trend across longer macroevolutionary periods of time are 
lacking. We developed a new approach to evaluate the evolution of traits across a deep 
evolutionary timescale and provide evidence that the evolution of the current climatic niche of 
plant lineages is constrained by a past climatic niche. Previous studies investigating the extent to 
which niche-related traits are conserved have largely relied on reconstructing an ancestral niche 
from those of present-day descendants, which biases the results in favor of conservation of the 
niche over time. Here, we estimate annual mean temperatures experienced by ancient taxa, 
independently of extant, descendant taxa and without the use of fossil evidence. Our estimates of 
the ancestral climates are based on the temperatures across circumboreal land bridges at the time 
of disjunction between Asian and American lineages. Our results suggest that annual mean 
temperatures towards the northern extents of plant distributions have been constrained over tens 
of millions of years of climate cooling across the Cenozoic and Mesozoic. These findings 
support the hypothesis that the climatic niche for plant lineages maintain signal of an ecological 
past across vast periods of evolutionary and climatic change. Our results suggest that processes 
fundamental to evolutionary and ecological theories are shaped, in part, by ancestral constraints 
imposed on species.  Furthermore, our core findings have broader implications relevant to the 
biogeographical distribution of taxa and to the idea that Earth’s flora has limited evolutionary 
potential in response to future climate change. 
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2.2 Introduction 
  Evaluating the extent to which niche-related traits are conserved over time has gained 
increasing attention in the literature within the last decade. Many ecologists have now adopted an 
evolutionary perspective and use phylogenetic methods to understand ecological relationships 
(Losos 2008, Peterson 2011, Crisp & Cook 2012).  Biologists have long considered whether or 
not related species occur in ecologically similar environments, an idea going back to Darwin, 
who wrote “…species of the same genus have usually, though by no means invariably, some 
similarity in habits and constitution…” (Darwin 1859).  Recent studies have classified this 
pattern as “niche conservatism,” “phylogenetic signal,” or “evolutionary stasis,” among 
additional terms.  Confusion regarding the appropriate nomenclature denotes the early stages of 
the interdisciplinary questions at hand.  Recently, ample evidence has accumulated in support of 
the theory that traits are conserved over shorter time scales of evolution, between sister species, 
but not necessarily across deep evolutionary time (Peterson 2011). Therefore, the broader 
temporal nature of ecological traits being conserved remains largely unclear and understudied.  
 The conservation of the ecological niche through time has implications for broader 
evolutionary and ecological theories.  Fundamentally, mechanisms underlying niche 
conservatism include stabilizing selection, gene flow overwhelming opportunities for species-
level adaptation, genetic constraints due to pleiotropy, and genetic constraints resulting from a 
lack of additive genetic variation (Wiens & Graham 2005, Losos 2008).  In response to 
environmental disturbance, there are limited potential outcomes for species: migrate to a new 
environment, adapt to the changed environment, or face extinction (Aitken et al. 2008). Support 
for a conserved niche-related traits over evolutionary time would imply that migration, rather 
than adaptation or extinction, plays a primary role among these three processes.   
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The idea of a stabilized niche through time further resonates with the idea that rates of 
adaptation to an alternative niche are generally more gradual than the process of extinction (Holt 
& Gaines 1992).  Whether or not species niches are conserved has broad implications to the 
ecological and evolutionary forces shaping new species (Futuyma 1998, Mayr 1942).  Allopatric 
speciation depends on strict geographical isolation, precluding necessary changes in the 
environment and ecological niche to initiate the speciation process.  However, many models of 
sympatry and peripheral isolation leading to speciation invoke novel ecological environments in 
order for speciation to occur.  Under the allopatric or vicariant model, niche-related traits of 
sister taxa would progressively differ well after speciation, barring the requirement of niche 
evolution to initiate the speciation process. 
Despite the widespread popularity in understanding the causes and consequences of 
constraints on ecological traits, only a handful of analyses test this theory across the Cenozoic, a 
period of intense diversification for angiosperms in particular. (Eaton et al. 2008, Prinzing et al. 
2001, Evans et al. 2009, Stephens & Wiens 2009).  Results from studies that have successfully 
assessed the conservation of ecological traits over geologic time are mixed, not only across 
analyses but within.  Deeply diverged sister taxa of European plants showed strong similarities in 
ecological variables defining their relative geographic distributions (Prinzing et al. 2001).  Niche 
similarity was also detected among older lineages of emydid turtles (Stephens & Wiens 2009), 
but not evening primroses (Evans et al. 2009).  Only in some cases did American blackbirds 
support conservation of ecological traits over time, with some lineages showing stronger signal 
than others (Eaton et al. 2008).   
Nearly all current studies on niche evolution may be biased by the phylogenetic methods 
commonly used to address associated research questions (Crisp & Cook 2012, Losos 2008, 
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Losos 2011, Webster & Purvis 2002).  Estimating trait stability over time depends on accurately 
reconstructing ancestral trait values.  Lacking suitable fossil data for most groups, inferences of 
ancestral ecological traits largely rely on the ecological niches of living, descendant taxa (Crisp 
et al. 2009, Grigg & Buckley 2013, Ricklefs & Latham 1992, Vila et al. 2011).  Therefore, 
without an independent measure related to an ancestral taxon, the results omit the opportunity for 
evolution from the ancestral state.  Because estimates of the historic niche are essentially 
averages across modern trait values, these inferences are biased towards trait stability over time 
(Oakley & Cunningham 2000, Webster & Purvis 2002). Nevertheless, estimating ancestral states 
based on those of current taxa has been widely practiced, such as in the cases of reconstructing 
habitat specialization in Anolis lizards (Losos 1992), visual pigments of the ancestral archosaur 
(Chang 2002), genome size of dinosaurs (Organ et al. 2007), and receptor sensitivity in steroid 
hormones (Liberles et al. 2007). 
The temporal nature of conservation in niche-related traits is important because 
ecological and evolutionary descriptors of related species are expected to dissipate over time 
(Peterson 2011).  Previous research supports conserved niches at the level of species and genera 
but not families (Peterson 1999), further emphasizing the intuitive notion that a niche may be 
conserved over short but not long periods of evolutionary time.  Related studies have looked into 
the stasis of traits through geologic time, but it is unclear whether or not the characters evaluated 
were morphological or ecological in nature (Eldridge et al.  2005). Paleontological data suggest 
that taxa have shifted their ranges in response to climate change (Eldredge 2005, Svenning 2003) 
over large periods of time in support of habitat tracking. However, conclusions from these 
studies are limited by a sparse fossil record and assumptions made about the ancestral 
environment. Evaluating niche-related trait stability by fossils does not ensure an estimation of 
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an ancestral ecology, as a result of common incongruence between morphological characters and 
the ecological niche.  
More recently, the long-term association that organisms have with their climatic niche 
has become a pressing issue, in light of conservation concerns related to climate change (Chen et 
al. 2011, Parmesan 2006).  The response of organisms to future climate change depends, in large 
part, on the degree to which niche-related traits have the potential to evolve through time. 
Among abiotic and biotic environmental variables, climate is widely considered among the most 
important factors limiting plant species distributions (Breckle 2002, Chuine & Beaubien 
2001, Hutchins 1947, Sakai & Weiser 1973, Svenning 2003, Woodward 1988).  As far back as 
the early nineteenth century, naturalists recognized that species geographical range limits were 
frequently associated with temperature isoclines (Humboldt 1805, Merriam 1894).  
Understanding the extent to which species have the potential to migrate versus adapt in response 
to climate change could provide more effective responses to future predicted changes in climate.   
Here, without depending on attributes of present-day taxa or measurements from the 
fossil record, we estimate the ancestral climatic niche of plant lineages. We infer this ancestral 
state from paleotemperatures at the time of disjunction between North American and Eurasian 
clades, dating to approximately 90 Mya.  Key to our analysis is the biogeography of late 
Mesozoic and Cenozoic, during which an ancient flora occupied Earth’s circumboreal region 
when it was characterized by tropical and warm temperate environments (Graham 2011, Wolfe 
1975).  At this time, plant distributions towards the northern latitudes of Asia, Europe, and North 
America were more connected through the Bering and North Atlantic land bridges (Hamilton 
1983, McKenna 1983).  As temperatures in the circumboreal region decreased after Eocene 
thermal maxima, species ranges shifted southwards, creating gaps in their distributions across the 
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land bridges and shutting off gene flow between North American and Eurasian descendant taxa 
(Manos & Donoghue 2011, Wen 1999, Wen et al. 2010).  While more recent Quaternary glacial 
sheets led to extinction of many of these descendants throughout Europe, climate refuges in Asia 
and North America allowed descendant lineages to survive to present day (Svenning 2003). Most 
of these disjunct taxa, belonging to approximately 65 genera, subsequently diversified in eastern 
Asia and the Americas, their distributions expanding southwards.  
Since the common ancestors between the separated plant lineages would have had 
varying levels of “cold climate tolerance,” and it is generally accepted that Earth’s cooling 
prompted the southward migration of plant taxa, the time of disjunction between American and 
Asian sister lineages is expected to reflect the climatic niche of their common ancestor (Vila et 
al. 2011, Ricklefs & Latham 1992).  Given that true thermal tolerance requires additional 
sophisticated measures, we note that our study evaluates the conservation of the climatic niche 
(occupied climatic variables) rather than thermal tolerance.  Through the unique combination of 
paleoclimatic, geographic, phylogenetic, and current climate data, we address the hypothesis that 
the climatic niche of plant lineages has been conserved over geologic time since these historical 
circumboreal disjunctions.  Our prediction stemming from this hypothesis is a correlation 
between the climatic niches of ancestral taxa, and those of modern day descendant lineages.  
Given the vast time period considered in this study, over which Earth’s climate fluctuated 
repeatedly and dramatically (Graham 1999) and during which species lineages evolved and 
speciated, our results could alternatively lack support for a correlated ancestral and modern 
climatic niche. 
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2.3 Materials and methods 
2.3.1 Estimating disjunction times between North American and Asian sister taxa 
Taxa included in the analysis consisted of 56 clades of woody and herbaceous plants, 
with contemporary sister lineages occupying both Asia and the Americas.  For a complete list of 
the American sister groups and their referenced disjunction times from Asian sister taxa, refer to 
Table 1.  For a portion of plant groups, multiple disjunct sister lineages comprise a single genus.  
For example, the genus Magnolia is made up of four distinct American clades that became 
separated from Asian relatives at four different times: 10.57 Mya, 28.29 Mya, 30.22 Mya, and 
47.93 Mya (see four Magnolia groups in Table 1).  Furthermore, 23 of the 56 American lineages 
comprised more than one species, as a result of speciation since their disjunction from Asian 
relatives.  Most of these clades were composed of two species, while a few had 3, 4, 6, or 9 
species (see parentheses in Table 1). 
We referenced the scientific literature to record the disjunction times, or the time to the 
most recent common ancestor, between each American and Asian disjunct sister lineage.  
Disjunction times were based on phylogenetic studies with time-calibrated genetic sequence 
divergences.  Each taxon and its information regarding disjunction, including migration via 
either the Bering or North Atlantic Land Bridge, is provided in Appendix 1. Lineages with 
disjunction times marked “unavailable” were not included in the study. If a range of potential 
times was provided, then we used the midpoint of the range.  Associated literature references for 
each taxon are accessible via Appendix 2.  For the final list of disjunction times affiliated with 
each lineage, refer to Appendix 3. 
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Lineages with disjunction times 0-14.6 Mya Lineages with disjunction times 14.7-90 Mya  
Lineages  
Disjunction 
Time (Mya) 
Lineages 
Disjunction 
Time (Mya) 
Achlys triphylla 1 Thuja plicata 14.7 
Maianthemum canadense 1.68 Calycanthus (2 spp.) 16 
Circaea alpina 2.01 Paeonia (2 spp.) 16.6 
Decumaria barbara 2.38 Gymnocladus dioicus 18.25 
Caulophyllum thalictroides 3.3 Pieris phillyreifolia 18.8 
Campsis radicans 3.62 Cercis (2 spp.) 19 
Phryma leptostachya 3.68 Arundinaria (2 spp.) 19.5 
Zizania (3 spp.) 3.74 Pogonia ophioglossoides 19.8 
Jeffersonia diphylla 4.1 Toxicodendron striatum 20.84 
Gleditsia (2 spp.) 4.3 Cornus alternifolia 21.7 
Symplocarpus foetidus 4.49 Liquidambar (2 spp.) 22.89 
Chamaecyparis lawsoniana 5 Juglans (9 spp.) 25 
Kelloggia galiodies 5.42 Aralia (2 spp.) 25.1 
Podophyllum peltatum 5.8 Calocedrus decurrens 25.2 
Mitchella repens 5.89 Aralia (2 spp.) 26.2 
Penthorum sedoides 6.25 Cornus (2 spp.) 26.9 
Hamamelis (4 spp.) 7.1 Magnolia acuminata 28.29 
Vancouveria (3 spp.) 7.5 Menispermum canadense 29 
Toxicodendron vernix 7.53 Torreya (2 spp.) 30 
Maianthemum (4 spp.) 8.3 Magnolia (9 spp.) 30.22 
Buckleya distichophylla 9.64 Pseudotsuga (2 spp.) 32 
Triosteum (3 spp.) 10.06 Rhus (4 spp.) 33.8 
Magnolia tripetala 10.57 Cornus sessilis 42.3 
Toxicodendron (4 spp.) 13.46 Cornus peruviana 46.1 
Sassafras albidum 13.8 Magnolia (3 spp.) 47.93 
Chamaecyparis thyoides 14 Thuja occidentalis 60 
Liriodendron tulipifera 14.15 Aesculus (6 spp.) 62.36 
Pachysandra procumbens 14.6 Illicium (6 spp.) 89 
 
 
Table 1. The 56 lineages included in the study, organized by disjunction time, or the time of 
separation from Asian relatives.  The lineages have been divided into two columns for ease of 
presentation. Disjunct groups included woody and herbaceous taxa of angiosperms and 
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gymnosperms with 23 lineages comprising more than a single species, noted here by the number 
of species in parentheses. 
 
2.3.2 Inferring an ancestral climatic niche at the site of lineage disjunction 
 To estimate Earth’s paleotemperature at the time of each disjunction event, we used a 
paleotemperature reconstruction by Cramer et al. (2011) (Figure 1). Figure 1 represents the 
approximate relationship between Earth’s past temperatures and time.  Historic temperature 
estimations are based on deep-sea benthic foraminiferal fossil sediments, which are considered 
the best data for measuring climatic variation across the Cenozoic (Jansen et al. 2007). Since 
oxygen isotopes evaporate at different rates with temperature change, the ratio of the isotopes 
composing ancient foraminifera provide a signature of Earth’s sea surface paleotemperatures 
(Cramer et al. 2011). Access to these ocean foraminifera are a result of deep sea oil drilling; 
therefore, most sediments have been extracted from the northern latitudes of the Atlantic Ocean. 
The trend in Figure 1 further accounts for ocean volume variation during glacial episodes, by 
including historical sea level records based on onshore cores (Cramer et al. 2011).   
Paleotemperature reconstructions, such as the one used in our study, are a general proxy 
for Northern latitude sea surface temperatures (Cramer et al. 2009, Cramer et al. 2011, Jorissen 
et al. 2007) and are expected to reasonably reflect historical temperatures of Northern land 
bridges, the locations of sister lineage disjunction, for two reasons.  The first is related to the 
northern latitude collection localities of benthic foraminifera on which ancestral temperatuers 
were based.  Secondly, deeper oceanic waters generally originate in higher latitudes.   
When the disjunction time is close to the present (0 Ma), the paleotemperature should 
reflect present-day annual mean temperatures in the circumboreal region, or approximately -2.3⁰ 
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C (see Fig. 1, disjunction time=0). For example, Nome, Alaska, which lies within the historical 
Bering land bridge, has a present day annual mean temperature of -2.7⁰ C, as recorded from 
weather station data (NOAA 2013).  This value is comparable to the relationship in Figure 1 
showing modern time (Fig. 1 Disjunction Time=0) to be characterized by a temperature of           
-2.3⁰ C. 
Since the paleotemperature reconstruction (Fig 1.) is expected to represent northern 
latitudes, we indirectly used these temperatures to estimate the ancestral climate niche 
underlying the approximate site of disjunction between Asian and American sister lineages. We 
employed R version 3.0.2 (R Core Team 2013) to import the paleotemperature reconstruction 
data, provided by supplementary materials in Cramer et al. (2011).  At each lineages’ time of 
disjunction (discussed in section 2.3.1), we extracted Earth’s paleotemperature from the trendline 
(Figure 2).  In Figure 1, we include three example lineages that became disjunct at differing 
ancestral paleotemperatures.  (These three plant lineages are further highlighted in the Methods 
and Results, for clarification.)  Paleotemperature at disjunction time was unavailable for only one 
American lineage, the Illicium spp. group. A break in the paleotemperature trend precluded our 
ability to extract a temperature at 89 Mya, the time of disjunction for the Illicium lineage.  
Therefore, we estimated the ancestral climatic niche of this group as the average between break 
points.  Values of paleotemperature, extracted from each lineage disjunction time, are included in 
Appendix 3.  
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Fig. 1. Relationship between Earth’s paleotemperatures and time, based on the paleotemperature 
reconstruction of Cramer et al. (2011).  To estimate the climate of an ancestral lineage, we 
extracted Earth’s paleotemperatures (horizontal dashed lines) at the times of the disjunctions 
(vertical dashed lines).  Three of the 56 American lineages incorporated in our analysis, 
represented here by different colored shapes, include the Magnolia mexicana/Magnolia 
gloriensis lineage, the Arundinaria gigantea/Arundinaria appalachiana lineage, and the Achlys 
triphylla lineage. These three lineages were chosen as examples of groups occupying different 
climatic niches, both ancestrally and in modern day. 
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2.3.3 Estimating the current climatic niche based on geographic distributions 
 Given the continuous accumulation of oxygen isotope composition in benthic 
foraminifera, the paleotemperatures used to estimate the ancestral climatic niche best represent 
annual mean temperatures. Furthermore, the coldest of the annual mean temperatures is assumed 
to be analogous to the climate niche of the northernmost populations of the ancestral taxon.  
Northernmost populations represent the last individuals maintaining gene flow between Asia and 
the Americas, therefore the key populations with the ancestral climatic niche represented by the 
paleotemperature reconstruction.     
Importantly, we estimated a current climatic niche that best corresponded to the 
paleotemperatures underlying the northernmost populations of the ancestral taxon.  We 
consequently characterized the current climatic niche as the lowest annual mean temperatures 
across each descendant species geographic range.  The 56 disjunct American lineages comprised 
114 species (Table 2, with elaboration in Appendix 3).  From each species geographic 
occurrence data, we extracted the 5th, 10th, and 25th (coldest) temperature percentiles of annual 
mean temperature (Table 2), represented by Bioclim variable 1 (Hijmans et al. 2005).  Appendix 
3 includes values for both the ancestral and the current climatic niche associated with each 
species and more generally each lineage.   
The geographic distributions of species used to extract current temperature data (Figure 
2) were gathered from georeferenced specimen distribution data, available through the Global 
Biodiversity and Information Facility (GBIF 2011).  GBIF is an open source resource that 
publishes data provided by private and public institutions. Many of the 114 species included in 
our study are temperate cultivars, planted worldwide. In order to clean the occurrence data to 
reflect each species native range, we referenced the Biota of North America Program (Kartesz 
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2013).  Species presence data representative of the native range were selected using R version 
3.0.2. package ggplot2 (Wickam 2009).   
To estimate the current climate niche across each lineage, we averaged the temperature 
variables across all those species comprising the descendant lineage, omitting species-level 
changes for approximately half the American lineages which have diversified into more than a 
single species.  We rather focused on changes in the central tendency of the climatic niche for the 
entire lineage.  Figure 3 shows three example lineages, the same from Figure 1, containing 
different numbers of species and characterized by dissimilar temperature environments. For 
those descendant lineages consisting of a single species, such as Achlys triphylla (Fig. 3A), we 
assessed each of the temperature percentiles from its single geographic range.  For clades 
composed of more than one species (Fig. 3B and 3C), we averaged the temperature percentiles 
across the species making up each lineage.  
To examine the extent of a linear relationship between the ancestral and current climatic 
niche, we performed a Major Axis regression, also known as Model 2 regression (Legendre and 
Legendre 1998), using R version 3.0.2 package lmodel2 (Legendre 2013). Major Axis statistics 
assume indistinguishably different amounts of error on the x- and y-axes, in this case 
representing the ancestral and current climatic niche.  Table 2 includes those values used for the 
regression analysis, including paleotemperatures representing the ancestral climatic niche and 
each of the three percentiles of the current climate niche (with all species-level measures of the 
current climatic niche provided in Appendix 3).  We used R package smatr for determining 95% 
confidence intervals around the bivariate distribution of the data (Warton et al. 2012).  
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Fig 2. (located on previous page).  Occurrence data for the 56 descendant American lineages, 
comprising 114 species, that became disjunct from Eurasian relatives across the Cenozoic. 
Species are noted by varying colors, with a majority of species occurring in temperate 
environments of the southeastern and northwestern United States. The inset shows the annual 
mean temperatures across the geographic distributions of the species, which were used to 
estimate the climatic niche of modern, descendant lineages.  Further clarification regarding how 
the current climatic niche was estimated is provided in Figure 3. 
 
 
Fig. 3. Distributions of occurrence data for 3 descendant lineages (A, B, and C) relative to 
current annual mean temperatures. The lineages portrayed here reflect those featured in Figure 1.  
Temperature percentiles (5th, 10th, and 25th) of annual mean temperature were extracted to each 
species geographic occurrences and averaged across each lineage, in order to estimate the current 
climate niche.  In order to take an estimate across the lineage, percentiles were obtained from a 
solitary species range, as in (A) A. triphylla, or averaged across the species composing each 
descendant American clade, as in (B) the A. gigantea/A. appalachiana and (C) the M. 
mexicana/M. gloriensis lineages. 
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2.4 Results 
 Estimated disjunction times between American and Asian taxa ranged from 1 to 89 Ma, 
with increasing representation 5 to 30 Ma, corresponding to Earth’s most dramatic cooling 
period (Fig. 1). Of the 56 disjunct plant groups included in our analysis, 9 were gymnosperms 
and 47 angiosperms. Most taxa became disjunct across the Bering Land Bridge rather than the 
North Atlantic Land Bridge (Appendix 1).  This result is consistent with the disruption of the 
Atlantic Land Bridge as far back as 50 Mya, whereas the Bering Strait broke the continuity of the 
Bering Land Bridge as recently as 6 Mya (Graham 1999, Graham 2011).  Earth’s 
paleotemperature at the time of disjunction of these groups, representing the ancestral climatic 
niche, ranged from -0.08° C to 15.94° C (Table 2).   
The geographic distributions of the modern descendant taxa occurred from northern 
Alaska to mid-Argentina, with the majority of the groups distributed in distinctly western and 
eastern regions of the United States, as well as mountainous regions of North, Central, and South 
America.  The extent of most descendant taxa was less prevalent in previously glaciated regions 
of the Last Glacial Maximum (Fig. 2).  Descendant species occupying Central and South 
America were distributed nearly exclusively in high altitude, montane environments.  The 
temperatures characterizing the current climatic niche of the descendant taxa ranged from 0.7° C 
(the lowest of the 5th percentile) to 25.7° C (the highest of the 25th percentile) (Table 2).    
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Achlys triphylla 0.2 4.7 5.3 6.2 Thuja plicata 6.6 1.2 2.9 5.7 
Maianthemum 
canadense 
-0.1 0.7 2.1 4.9 Calycanthus (2 spp.) 7.2 9.1 9.5 12.1 
Circaea alpina 0.3 2.1 3.4 5.4 Paeonia (2 spp.) 8.2 6.5 8.5 10.3 
Decumaria barbara 0.9 14.3 14.7 15.3 Gymnocladus dioicus 7.5 8.1 9.3 10.3 
Caulophyllum 
thalictroides 
0.7 4.8 6.1 7.9 Pieris phillyreifolia 7.2 18.3 18.8 19.0 
Campsis radicans 2.0 9.9 10.7 12.2 Cercis (2 spp.) 6.9 7.9 9.0 11.8 
Phryma leptostachya 2.0 5.4 6.6 9.2 Arundinaria (2 spp.) 6.5 13.4 13.5 14.1 
Zizania (3 spp.) 2.0 8.8 9.7 10.6 
Pogonia 
ophioglossoides 
6.2 3.9 4.8 6.8 
Jeffersonia diphylla 2.6 7.6 8.3 10.2 
Toxicodendron 
striatum 
5.7 15.6 16.6 17.2 
Gleditsia (2 spp.) 2.4 10.7 11.6 13.1 Cornus alternifolia 7.9 4.6 6.0 7.8 
Symplocarpus foetidus 2.5 5.9 6.6 8.2 Liquidambar (2 spp.) 5.7 13.1 13.9 15.7 
Chamaecyparis 
lawsoniana 
3.3 6.5 7.0 9.1 Juglans (9 spp.) 5.9 5.3 7.2 8.8 
Kelloggia galiodies 3.4 1.9 4.0 6.2 Aralia (2 spp.) 5.9 5.3 7.2 8.8 
Podophyllum peltatum 3.1 7.5 8.3 10.3 Calocedrus decurrens 5.8 5.6 6.7 8.4 
Mitchella repens 3.2 5.3 6.5 9.2 Aralia (2 spp.) 3.9 6.7 7.7 9.3 
Penthorum sedoides 2.9 6.3 7.5 9.8 Cornus (2 spp.) 4.6 7.2 8.3 10.3 
Hamamelis (4 spp.) 3.0 12.9 13.4 14.1 Magnolia acuminata 5.0 7.9 8.5 10.2 
Vancouveria (3 spp.) 3.0 6.6 7.4 9.0 
Menispermum 
canadense 
5.1 6.3 7.3 9.7 
Toxicodendron vernix 3.0 6.7 7.3 8.8 Torreya (2 spp.) 5.8 13.8 14.0 15.4 
Maianthemum (4 spp.) 3.6 5.5 6.6 9.0 Magnolia (9 spp.) 5.6 15.7 16.0 16.7 
Buckleya distichophylla 3.1 10.2 10.6 11.3 Pseudotsuga (2 spp.) 6.2 14.0 15.4 16.7 
Triosteum (3 spp.) 3.7 7.8 8.7 10.0 Rhus (4 spp.) 5.6 8.0 9.5 11.5 
Magnolia tripetala 3.5 10.0 10.9 12.0 Cornus sessilis 10.2 6.9 8.1 9.6 
Toxicodendron (4 spp.) 4.5 8.0 9.0 10.6 Cornus peruviana 12.3 7.0 10.1 13.9 
Sassafras albidum 4.5 8.3 9.2 10.8 Magnolia (3 spp.) 13.1 18.9 19.5 20.8 
Chamaecyparis 
thyoides 
4.7 8.0 8.7 9.5 Thuja occidentalis 10.6 3.3 4.0 5.6 
Liriodendron tulipifera 5.2 8.4 9.2 10.5 Aesculus (6 spp.) 10.6 12.2 12.8 13.7 
Pachysandra 
procumbens 
6.4 12.6 13.0 13.7 Illicium (6 spp.) 15.9 20.2 20.5 21.0 
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Table 2. (located on previous page).  Results of estimating the ancestral and current climatic 
niches, with lineages presented in the same order as in Table 1 (organized by disjunction time).  
The ancestral climatic niche is the paleotemperature at disjunction time (first column of values).  
The current climatic niche is the 5th, 10th, or 25th percentiles of annual mean temperatures 
experienced by contemporary descendant taxa (remaining columns of values). For those lineages 
having more than one species, values of the current climatic niche of each individual species are 
provided in Appendix 3. 
 
Our findings support a positive linear relationship between paleotemperatures at 
disjunction time and current temperatures at modern northern limits of descendant American 
lineages (Fig. 4). This relationship is statistically significant and consistent across the three 
temperature percentiles representing the modern trait.  As expected, each of the three example 
plant lineages, from Figures 1 and 3, maintained their relative positions in Figure 4.  The 95% 
confidence intervals characterizing the relationship between paleotemperatures at disjunction 
time and temperatures at the northern limits of modern species had a slope exceeding one (Fig. 
4A and B) or an intercept higher than zero (Fig. 4C). Therefore, while the ancestral and current 
climatic niche is significantly correlated, our results are not consistent with a direct 1:1 
relationship between the ancestral and current trait.  Furthermore, we find substantial variation in 
the bivariate distribution, an R2 of 0.17, 0.20 and 0.23 for the 5th, 10th, and 25th percentiles of 
current annual mean temperature, respectively. 
More recently disjunct lineages clustered around a current mean annual temperature (y-
axis of Figure 4) of 8° C, corresponding to the temperature gradients within the southeastern and 
northwestern United States (see temperature gradient in Figure 2). American lineages tended to 
  
39 
    
occupy a warmer climatic niche, relative to their ancestors, evident by the bivariate distribution 
skewed towards warmer modern day temperatures (Figure 4).  This pattern further departs from 
the 1:1 hypothetical relationship denoting a direct correlation between the ancestral and current 
climatic niche. There is some indication that American lineages with younger disjunction times 
tended to occupy warmer present day temperatures relative to their ancestors, as compared to 
those lineages with considerably older disjunction times over 60 My (see disjunction times of 
data points, Figure 4).  However, we lacked confidence in finer scale evaluations of the data, 
given the error implicated in niche estimations.  
 
 
Fig. 4. Relationship between the ancestral and current climatic niche. The ancestral climatic 
niche (x-axis) was estimated as the paleotemperature at the time of disjunction of sister lineages; 
the present-day climatic niche (y-axis) is the (A) 5th, (B) 10th or (C) 25th percentiles of annual 
mean temperature across the geographic ranges of descendant species comprising each lineage. 
The solid grey lines represents the hypothetical 1:1 relationship between the ancestral and 
current trait, with an intercept=0 and slope=1. The colored shapes signify those same three 
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example lineages from Figures 1 and 3. Ellipses are the 95% confidence intervals of the bivariate 
distributions (Warton et al. 2006). Each point denotes one of the 56 monophyletic plant lineages, 
showing disjunction times in greyscale, according to the legend in the lower right (measured in 
millions of years ago). Statistics are as follows, with CI=confidence interval: (A) 5th percentile: 
intercept = -1.40 °C, 95% C.I.: -7.60 - 4.80; slope = 1.93, 95% C.I.: 1.10 - 4.49; R2 = 0.17; P-
value = 1.68×10-3. (B) 10th percentile: intercept = 0.91 °C, 95% C.I.: -3.99 - 5.80; slope = 
1.69, 95% C.I.: 1.00 - 3.39; R2 = 0.20; P-value = 5.26×10-4. (C) 25th percentile: intercept = 4.33 
°C, 95% C.I.: 0.782 - 7.89; slope = 1.33, 95% C.I.: 0.81 - 2.39; R2 = 0.23; P-value = 1.65×10-4. 
 
2.5 Discussion and Conclusions 
  The results of this study support a significant correlation between the climatic niche of 
ancient taxa and their American descendants, despite tens of millions of years of trait evolution 
and periods of extreme climate change through Earth’s history. This finding is critical to the 
ongoing debate about whether the conservation of niche-related traits is relevant across deep 
evolutionary time frames (Peterson 2011). We further highlight the independence in which the 
ancestral climate niche was estimated, in relation to previous studies, and yet present sustained 
support for the hypothesis that niche-related traits are conserved through deep time.  That the 
relative order of plant lineages across environmental gradients has been conserved is telling 
about hemispheric levels of biogeographical composition, as plant lineages have maintained 
relative ecological positions through geological time. Given that the larger scale of this study 
incorporates multiple speciation events, and the necessary estimation of a single ancestral niche 
in relation to multiple descendant niches, our findings emphasize macroevolutionary patterns 
rather than those at the species level.  Since our measures of central tendencies of lineages does 
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not account for continued ecological evolution at the species level, our results provide room for 
further adaptive potential of individual species.  
A positive relationship between an ancestral and present-day climatic niche could be 
interpreted by a wide range of evolutionary and ecological processes (Crisp & Cook 2012, Losos 
2008). The correlation could result from underlying genetic mechanisms leading to physiological 
constraints, such as pleiotropy or lack of genetic variation (Crisp and Cook 2012, Wagner 2011). 
However, conservation of the climatic niche is not likely to result from a lack of genetic 
variation, since species comprising the disjunct American lineages of this study have diversified 
into a variety of present-day temperature environments (Futuyma 2010). Furthermore, one could 
evoke competitive interactions to explain the positive relationship between the ancestral and 
current climatic niche; since the relative order of plant lineages across environmental gradients 
has been conserved, lineages may have been “hemmed in” on the sides by adjacent occupants of 
the theoretical niche space, even if the thermal conditions of all lineages shifted higher or lower 
together (Ackerly 2003, Donoughue 2008). In this sense, conservation of the climatic niche over 
millions of years resulted from the assembly of a saturated community and long-term habitat 
tracking, which together created a pattern of stabilizing selection. However, we do not provide 
evidence of competitive interactions among the lineages, which could result in a pattern of 
habitat tracking.  
We find the most parsimonious explanation for correlated ancestral and current climate-
related traits to occur as a result of the long-term migration of plant taxa following suitable 
climates, or habitat tracking (Ackerly 2003, Donoughue 2008). As suggested by previous 
research (Ricklefs & Latham 1992, Svenning 2003), descendant taxa may have a long-term 
affinity towards specific environmental conditions, despite a changing local climate. In this 
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sense, evolutionary change will be small, so long as the niche conditions specific to a taxon 
remain present and within a species dispersal limits. Our findings may therefore corroborate 
previous evidence of long-term species migration in response to the extreme fluctuation 
characterizing Earth’s climatic history.  Svenning (2003) similarly described the implications of 
long-term habitat tracking within the context of genera surviving the massive Pleistocene 
extinction in Europe. He found that deterministic ecological processes had shaped the European 
flora post-Pleistocene, since those taxa that survived and became widespread were also the most 
cold tolerant.  These findings in addition to ours have broad implications to biological 
conservation issues with climate change.  With species having a finite potential to evolve, and 
habitat tracking showing prevalence even across geologic timescales, our study suggests that 
species migration to climatically suitable environments will be key to reducing future climate-
related extinction.  Species short-term potential to respond to anthropogenic climate change is 
likely to be bound by an even more recent ancestral ecology, with the pattern of trait 
conservatism stronger than that found in our study. 
Previous research suggests that high latitude taxa suffer from greater extinction rates than 
low latitude taxa, as a result of more extreme climatic oscillation towards the poles (Dynesious & 
Jansson 2000, Jansson & Dynesius 2002).  Results from these studies would imply that the 
northernmost populations of more recently Asian-American disjunct groups, or the northern 
species within these groups, undergo greater extinction as a result of intense high latitude 
climatic fluctuation.  We find reason to support differential extinction rates across the descendant 
lineages in this study, since modern descendants tended to occupy warmer present day climates 
than those of their ancestors (see Fig. 4, with bivariate distribution skewed towards warmer 
present day temperatures). Furthermore, it may be that taxa with more recent disjunction times 
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occupy an even warmer climatic niche in modern day, relative to those lineages with older 
disjunction times (Fig. 4).  Unfortunately, the inevitably high variance of our estimations 
prevents justifiable analyses of this more specific trend. 
The evidence that descendant taxa occupy warmer present day environments could 
alternatively represent an artifact of the methods we employed to estimate the ancestral climatic 
niche. By crudely using a general northern latitude climate to signify that of ancient 
predecessors, we do not account for the finer-scale temperature variation typical of 
heterogeneous environments, especially those in proximity to water bodies and coasts.  The 
ancestral trait estimation, in addition to our assumption that colder mean annual temperatures are 
analogous to the ancestral climate, could uniformly skew the resulting distribution towards 
warmer climates. On another note, the trend could result from the southward migration of 
descendant taxa, releasing the potential to establish in and adapt to warmer climates, which 
would in turn affect low temperature percentiles.  Therefore, while we support a striking long-
term legacy of the ancestral climatic niche affecting the temperatures occupied by modern 
descendants, finer-scale patterns are indistinguishable from artifacts of niche estimation and 
error.  
 The pattern of a conserved climatic niche, long-term and across the Americas, has 
implications to fundamental themes in ecology and evolution.  Blurring the distinction between 
the fields of biogeography and ecology, a signal of an ancestral ecology may relate to 
biodiversity patterns across latitudinal gradients or with respect to biodiversity “hotspot” regions 
(Mittelbach et al. 2007). Species resulting from high diversification rates in the tropics may have 
dispersal constraints imposed by their ancestors occupying tropical climates. Constraints on the 
adaptive ability to explore novel ecological niches, in conjunction with high diversification rates 
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at low latitudes, could therefore lead to accumulated low latitude diversity through time.  Our 
findings further implicate niche filling concepts, supporting the idea that species develop 
adaptations to novel environments before they are occupied, rather than species adapting to new 
climates in situ (Donoughue 2008). Since we do not follow the ecological evolution of individual 
descendant species but rather investigate changes in the central tendency of lineages, we cannot 
account for drastically changed ecological environments between related descendant taxa.  
Nonetheless, since we find evidence for long term ecological stasis, despite evolutionary 
diversification, our findings suggest that the process of speciation may be dominated by 
geographical isolation and allopatry, rather than alternative sympatric modes of speciation.  
Future studies investigating long-term trends in niche evolution may benefit by 
incorporating the rich Asian flora (Qian & Ricklefs 2000) as well as trends seen in the dispersal 
of American disjunct lineages included in this study.  Specifically, evidence of latitudinal 
similarity in the geographical ranges of disjunct Asian and American sister lineages (Qian & 
Ricklefs 2004) has interesting ties to our findings that American lineages present signal of their 
ancestral climatic niche.  Synthesizing these concepts specific to Asian-American taxa 
distributions and American-ancestral ecological similarity, the distributions of Asian taxa may 
also be shaped by the ancient environments of their circumboreal ancestors.  Comparative studies 
of Asian and American taxa, bolstered by estimations of an ancestral environment as we 
employed here, therefore present a continued opportunity to investigate the extent of the 
conserved niche, both geographically and temporally.  An additional opportunity for further 
investigation relates to the pattern of disjunct American plant lineages reaching central South 
America, and maintaining their distributions in cooler montane environments (see descendant 
species ranges in Figure 2).  In South America, these taxa are distributed in environments that 
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mimic those of temperate North America rather than those of tropical environments 
characterizing Amazonia. Since these American descendant lineages did not occupy warmer 
climates within dispersal range, their distributions present potential case studies that may support 
evidence of a conserved climatic niche through time.   
Here, we used geographic disjunctions inferred from reconstructed phylogenies, along 
with paleoclimatic estimates, to estimate ancestral environments and quantify temperature-
related trait stability across a vast time period. Lacking independent estimates of ancestral 
climatic environments, previous studies could not evaluate the extent to which the climatic niche 
has been conserved over time, without biasing results in favor of trait stasis. Importantly, we find 
support for a correlation between ancestral and modern niche-related traits across a geologic 
timescale, which has direct implications to the discussion about the temporal breakdown of 
ancestral ecological signal through time (Peterson 2011). Further studies that incorporate the 
Asian disjunct lineages or evaluate the ecological stasis of American descendant lineages 
dispersing specifically into montane environments of Central and South America could bolster 
findings of long-term conservation of the ancestral climatic niche. That climatic traits, 
specifically, have been generally conserved for lineages over geologic time highlights the need 
for related studies, given the importance of our current period of rapid climate transition. 
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3.1 Abstract 
It is unclear how species distributions will be impacted by anthropogenic climate change 
over the next century.  Previous research suggests that species are currently migrating towards 
higher latitudes and altitudes on Earth, seeking climatic refuges from recent climatic change.  
Few studies have examined the relationship between climate change impacts on species 
distributions and protected areas, which provide suitable habitat for many species unable to 
survive within the human-disturbed landscape.  Using ecological niche modeling applications, 
we investigated predicted climate refuges for whitebark pine, an ecological important and 
threatened tree species native to the North American subalpine region.  We specifically 
investigated changes in the distribution of the species’ climatic niche with respect to protected 
areas, latitude, and elevation.  We find three regions, dominated by Wilderness Area of the 
United States, where whitebark pine may perform best following climate change: the southern 
Sierra Mountains, the Greater Yellowstone Ecosystem, and the Upper Cascades.  Our results also 
suggest that the species’ climatic niche will increase in elevation with climate change, but a 
climatic niche shift with respect to latitude remains ambiguous.  We emphasize the importance 
of returning to a natural fire regime, which provides opportunities for whitebark pine 
colonization in shade free environments alternative to those at high elevations. Addressing 
ethical decisions, particularly regarding changes in Wilderness Area management, will be 
paramount to the species’ long-term persistence.   
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3.2 Introduction 
Species’ geographic distributions have expanded and contracted, both latitudinally and 
altitudinally, throughout history.  During the Paleocene-Eocene Thermal Maximum, ca.  56 Mya, 
palm trees and tropical herbs were distributed as far north as the Arctic Circle, a latitudinal 
disparity from the present day ranges of tropical taxa (Greenwood & Wing 1995, Pross et al.  
2012, Wing & Greenwood, 1993).  More recently, during the peak glaciation of the Pleistocene 
ca.  20 Kya, coniferous forests occupied the present day Mohave Desert and Great Basin, an 
altitudinal distinction from their present distribution (Wells & Berger 1967, Thompson & Mead 
1982).  These historical events parallel recent latitudinal and altitudinal species range shifts 
coincident with the last 100 years of climate warming (Parmesan & Yohe 2003, Chen et al.  
2011, Parmesan 2006, Root et al. 2003).  Species distributions are changing as much as 11 m per 
decade altitudinally, and 16.9 km per decade latitudinally, in correlation with rising temperatures 
associated with climate change (Chen et al. 2011, Parmesan 2006, Root et al. 2003).  Habitat 
size reduction and local population extinction, associated with poleward and upward species 
range shifts, increase the possibilities for rangewide extinction (Opdam & Wascher 2004).  
Therefore, high elevation and high latitude taxa, having relatively less potential to successfully 
shift their distributions, are among those species most vulnerable to climate change (Moritz et al.  
2008, Brusca et al. 2013, Chen et al. 2011, Parmesan 2006).   
Despite the urgent need to address climate change-induced impacts on high elevation and 
high latitude taxa, there are uncertainties regarding the complexity of species’ potential reactions 
to climate change.  Possible successful responses, across species generations, may include 
combinations of adaptation and migration (Aitken et al. 2008).  Within the lifetime of an 
organism, negative impacts of environmental stress may be buffered by phenotypic plasticity and 
  
54 
    
migration (Nicotra et al. 2010, Aitken et al. 2008).  Species-specific potential to disperse, adapt, 
and acclimate challenge the ease with which biologists can generalize responses to climate 
change.  With respect to future climate change, migration to climatically suitable habitats rather 
than adaptation may prove more successful for species, given the rapidity at which temperature 
and moisture patterns are transitioning with rising greenhouse gases (IPCC 2007a).  Under the 
highest carbon concentration scenario, global average temperatures may rise as much as 6.4°C 
by the year 2100, with more extreme temperature increases at higher latitudes (IPCC 2007a).  
With a precipitous climatic transformation, genetic adaptation is not likely to provide most 
species an immediate enough response to ensure their survival (Davis & Shaw 2001).   
For species migrating in response to climate change, networks of natural protected areas 
will serve as important refuges for those taxa unable to survive within the human-altered 
landscape (Heller & Zavaletta 2009).  An array of federal, state and tribal agencies, in addition to 
nonprofits and land trusts, govern protected lands in the US.  Since species generally occur 
across a patchy distribution of lands governed by varying public and private agencies, effective 
long-term management with climate change will require a concerted effort of inter-agency 
collaboration.  The philosophy behind managing protected areas has thus far relied on fixed 
systems, with the idea that species assemblages and ecosystems are to be protected in their 
current state.  There may have been good reasons for this “static” approach to protected areas, 
early in conservation planning, given the state of knowledge when these areas were established.  
Now, however, a hands-off philosophy is widely believed to disregard the extrinsic forces that 
have the potential to alter natural community assemblages (Heller & Zavaletta 2009, Millar 
2007, IPCC 2007b, Cole & Yung 2010).  Environmental policy is progressively adopting 
adaptive strategies in response to climate change, with “adaptive” broadly defined by the IPCC 
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as openness to adjustment in human or natural ecosystems, including structures, processes, and 
practices (IPCC 2007b). 
Adaptive responses to the predicted adverse effects of climate change are nonetheless 
being facilitated by the joint effort of international agencies, including the United National 
Environmental Programme (UNEP) and the International Union for Conservation of Nature 
(IUCN).  Together, they created the “gold standard” of protected areas called the World 
Database of Protected Areas (WDPA) (IUCN, UNEP-WCMC 2015).  IUCN classification and 
data update standards are required for inclusion into the international protected area network.  
Managers of WDPA protected lands receive strategic advice, capacity building support, and 
feedback from the larger constituency of protected land managers (IUCN, UNEP-WCMC 2015).  
The WDPA is continuously being expanded upon to integrate natural sites that ensure protected 
area continuity, long-term biodiversity conservation, and the sustainable provision of ecosystem 
services, with climate change.   
Among public and private protected areas of North America, Wilderness Areas of the 
western United States generally occur in remote, high elevation lands.  Previous studies have 
focused on the climate change-related threat of high elevation species, often distributed in 
Wilderness Areas (Moritz et al. 2008, Brusca et al. 2013).  In another light, Wilderness may 
possess characters critical to long-term survival of species distributions shifting in response to 
warming temperatures.  Historically, caretakers of recognized Wilderness were discouraged from 
adopting hands-on management practices, a centrality to the original concept of the Wilderness 
Preservation Act of 1964 (Wilderness Act 1964).  A shift from this conservation philosophy, 
which in some cases has already occurred (Sydoriak et al. 2000, Cole & Yung 2010, Cole et al. 
2000), could become essential if species survival with climate change ultimately depends on 
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populations confined to Wilderness lands.  While a range of management options are permitted 
in Wilderness Areas, restrictions outlined by the Wilderness Act are greater than any other 
federally regulated public land (Long & Biber 2014, Cole & Yung 2010).   
Whitebark pine (Pinus albicaulis Engelm.), native to the subalpine of western North 
America, is an ecologically important keystone species and treeline indicator (Burns & Honkala 
1990).  Whitebark pine occurs as an early successional species in mixed conifer forests where it 
is outcompeted by more shade tolerant taxa, but occurs as a climax species at higher elevations, 
owing to its differential success in harsh timberline environments (Fig. 1).  Whitebark pine 
produces high calorie pine nuts to pre-hibernation grizzlies (Ursus arctos L.), black bears (Ursus 
americanus Pallas), and smaller mammals, as well as to its primary seed disperser and obligatory 
mutualist, the Clark’s Nutcracker (Nucifraga columbiana Wilson) (Tomback 1982).  Whitebark 
pine is also foundational to the subalpine ecosystem for its ability to maintain high elevation 
snow pack, provide spring water resources, and serve as a “nurse tree” for soil development and 
subsequent plant colonization (Tomback et al. 2011).   
Whitebark pine is on the list to be reviewed for the United States Endangered Species Act 
since its designation as a candidate species in June 2011 (U.S. Fish and Wildlife Service 2011), 
and is classified as endangered under the Canadian Federal Species at Risk Act.  With a 
distribution constricted to higher altitudes of the treeline, whitebark pine is at high risk from the 
impacts of climate change, and a previous report suggests that whitebark pine may become 
increasingly restricted to high elevations with climate change (Warwell et al. 2007).  Across the 
species range, whitebark pine has been in decline since the earliest twentieth century as a result 
of pests, pathogens, and modern fire prevention protocols (Tomback & Achuff 2010, Keane et 
al.  2012).  The greatest biotic hazards to whitebark pine include the mountain pine beetle 
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(Dendroctonus ponderosae Hopkins), a vigorous native bark beetle, as well as white pine blister 
rust (Cronartium ribicola J.C. Fisch), an Asian fungus that was introduced from Europe in the 
early 20th century (Krist et al. 2014).  Whitebark pine mortality as a result of this pest and 
pathogen exceeds 50% across much of its range and reaches 100% in some areas (Kendall & 
Keane 2001).  According to the results of a risk assessment conducted by the United States 
Forest Service, whitebark pine is expected to lose 60% basal area mass by the year 2020, making 
it one of the two North American species most threatened by pests and pathogens (Krist et al.  
2014).    
 
Fig. 1   Map of the native geographical distribution of whitebark pine in northwestern North 
America, overlayed with lands of the World Database of Protected Areas (WDPA) containing 
whitebark pine.   
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Federal programs of the United States and Canada have initiated whitebark pine research and 
conservation efforts, which include propagation of blister rust-resistant tree families, for 
ecosystem restoration (Sniezko et al. 2011, Keane et al. 2012).   
 Studies evaluating climate-induced impacts on forest distributions generally, or whitebark 
pine specifically, rarely assess climate change-related trends relative to the distribution of 
protected areas.  While 98% of the United States whitebark pine range occurs in public lands, 
and 50% in cool, high elevation Wilderness Areas of the western United States, its distribution in 
federal lands is critical to its survival.  There is evidence that the geographic distribution of 
whitebark pine has become restricted to higher altitudes over the last few thousand years, 
coincident with warming temperatures since the Last Glacial Maximum (Thompson 1990, 
Charlet 1991, Richardson et al.  2002).  As pollen fossils, packrat middens, and phylogeography 
studies suggest (Thompson 1990, Thompson & Mead 1982, Charlet 1991, Richardson et al.  
2002), whitebark pine was previously more abundant at lower elevations lands, occupying what 
were once cooler and humid basins of western North America.  There is some descriptive 
evidence that whitebark pine will become increasingly restricted to high elevations with 
anthropogenic climate change (Warwell et al. 2007).  However, empirical assessments of this 
trend, as well as the species potential to survive relative to protected areas, is unclear.   
Changes in temperature and precipitation present further indirect effects on whitebark 
pine survival, considering the species ecological ties to fire as well as threatening pests and 
pathogens (Loehman et al. 2011).  Climate change is predicted to create drier conditions, 
increasing the abundance of wildfire (IPCC 2007b, Marlon et al. 2009).  Since whitebark pine 
specializes in post-fire colonization (Burns & Honkala 1990, Arno & Hoff 1989, Keane 2001), 
and has the ability to survive fire of low to moderate intensity (Ryan & Reinhardt 1988), climate 
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change has the potential to promote the species establishment in mixed conifer forests typical of 
the subalpine.  However, the implementation of fire prevention protocols, which began in the 
early 20th century, has dramatically diminished post-fire strategies for whitebark pine 
colonization, despite its importance to maintaining whitebark pine competitive ability among 
shade tolerant taxa at lower elevations (Murray 1996, Keane 2001, Tomback & Achuff 2010).  
The temporally and spatially stochastic quality of wildfire unfortunately presents a challenge 
when determining its future prevalence and distribution with precise predictive power (Dale 
2001, Agee 1998, Lertzman et al. 1998).  Climate change is further expected to alter life history 
traits of pests and pathogens, as well as host susceptibility, which could have large impacts on 
whitebark pine survival (Loehman et al. 2011, Dale 2001, Bentz et al. 2010, Rosenzweig et al. 
2001, Sturrock et al. 2011).  Research that considers the multivariate interactions and 
evolutionary responses of whitebark pine responding to its pests and pathogens, species that also 
migrate and evolve, is currently lacking as related to whitebark pine survival. 
Niche models, specifically those incorporating climatic variables, have been a reliable 
conservation management tool, with their strength in predicting coarse scale geographic 
locations with climate conditions suitable for a species (Araujo et al. 2005, Araujo & Townsend 
2012, Feria & Peterson 2002, Bourg et al. 2005, Raxworthy et al. 2003, Williams et al. 2005, 
Wilson et al. 2005).  The application of climatic niche models provides a valuable framework 
with which we can predict past, present, and future climatically suitable habitat for species, and 
have provided reliable and validated outcomes in many cases (Smith et al. 2013, Araujo et al.  
2005, Elith et al. 2010).  Climate data projecting future climate change scenarios, which can be 
used in conjunction with niche models, are based on established physical principles, and have 
correctly predicted past and future changes in climate (IPCC 2007a).  Climatic niche modeling 
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uses measures of temperature and precipitation variables underlying species’ known occurrences 
to develop rule-sets defining a species climatic niche (Hijmans & Graham 2006, Elith & 
Leathwick 2009).  Once building an “envelope” of ecological values that characterize the niche, 
a species’ predicted distribution can be modeled across an alternative ecological landscape.   
This chapter addresses theoretical and applicable conservation issues relative to the 
management of whitebark pine with climate change.  Using climatic niche modeling 
applications, we compiled temperature and precipitation data to define climatic conditions where 
whitebark pine occurs.  We then projected the geographical shift in the species climatic niche, 
using an ensemble of predictions about future climate change.  Our analysis included two time 
periods of climate change, 2050 and 2070, and four alternative greenhouse gas concentration 
scenarios, adopted by the IPCC as the realistic range of future climate conditions (IPCC 2007a).  
By these methods, we addressed the following questions: (1) With climate change, how is the 
climatic niche of whitebark pine distributed with respect to protected areas across the landscape, 
including WDPA lands and United States Wilderness Areas, in addition to public lands at large? 
(2) Since species are already migrating poleward and upward in response to rising temperatures, 
do we predict the climatic niche of whitebark pine to shift with respect to elevation or latitude? 
 
3.3 Materials and Methods 
3.3.1 Whitebark pine occurrence data used to assess the species current climate niche 
Whitebark pine presence and absence data were collected from the databases of the 
Forest Inventory and Analysis (FIA) program of the USFS (Bechtold & Scott 2005, FIA 2014) 
and the National Forest Inventory (NFI) of Canada (Gillis et al. 2005, NFI 2014).  Canadian 
presences were supplemented with vetted Global Biodiversity Information Facility (GBIF) 
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occurrence data (GBIF 2014).  The study area outline was determined by those World Wildlife 
Fund ecoregions that contained the native range of whitebark pine, as represented by an updated 
range map compiled from several sources (Whitebark Pine Ecosystem Foundation 2014).  This 
range of whitebark pine was calculated to be twice as large in the United States relative to 
Canada, based on pixel area quantification in ArcGIS (Whitebark Pine Ecosystem Foundation 
2014).  In order to reduce United States absence data to minimize country-specific bias, we 
sampled a single United States absence from each of 70 km2 pixels, resulting in a 2:1 ratio of 
absences in these countries, respectively, reflecting the species area occupied in each country.  
Ultimately, the occurrence data consisted of 2,308 presences and 563 absences across the range 
of the species within the ecoregions (Fig. 2).  Since niche models average across microclimates 
and tend to exaggerate species extinction, and fewer species presences would have increased this 
propensity, we retained all presence data while removing country-specific bias from the absence 
data.  In the United States portion of the study area, this amounted to an average of 26.6 
presences and 2.4 absences per county (Fig. 2).  British Columbia contained 34 presences and 
156 absences, in total.  Alberta contained 13 presences and 0 absences, since data were 
unavailable for Alberta from the NFI, but supplemented with GBIF. In the models, the weight of 
presences was scaled to equal the weight of absences.  Doing so ensured that the model outputs 
represented a probability of occurrence of the climatic niche, rather than an index thereof.   
 
3.3.2 Climate data, incorporating varying scenarios of greenhouse gas concentration 
 Current and predicted climate scenarios were derived from averages across eight General 
Circulation Models (GCMs), presented in Table 1 (Worldclim 2014, Hijmans et al. 2005).  By 
averaging across these GCM’s, we emphasize agreement among climate model predictions, 
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limiting individual model-based uncertainties.  GCMs are based on well-established physical 
relationships, have been reproducible with recent and past climate change, and further 
 
 
Fig.  2.    The native range of whitebark pine relative to presence and absence data incorporated 
into the niche model, in order to estimate the climatic niche of the species.  (A) Current range of 
whitebark pine, represented as a general red polygon (Whitebark Pine Ecosystem Foundation 
2014).  (B). Species presence data as red points from the FIA, NFI, and GBIF databases.  Species 
absence data as blue points, from the FIA and NFI databases.  The outer edge of absence data 
was created based on World Wildlife Fund biomes (Olson et al. 2001) containing the native 
distribution of whitebark pine. 
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provide credible estimates of climate change with predicted rising greenhouse gas concentration 
scenarios (IPCC 2007a).  The GCMs supplied gridded 30-arcmin (~800 m) resolution climate 
data from two time periods, one centered on year 2050 (years 2041-2060) and another on year 
2070 (years 2061-2080).  Incorporated into our models were four Representative Concentration 
Pathways (RCPs) (Worldclim 2014), or greenhouse gas concentration scenarios adopted by the 
IPCC (Fig. 3), including RCP 2.6, RCP 4.5, RCP 6, and RCP 8.5 (Moss et al. 2008).  From 
present day to year 2070, these four RCPs translate to annual mean temperature changes of 
+2.5°C, +3.4°C, +3.6°C, and +5.2°C, across western North America specifically.  The impact of 
RCPs on climate, translated more generally into global mean temperature increases, are provided  
in Figure 3.   
 
 
Table 1.   General Circulation Models (GCMs), derived from institutions worldwide, and 
representing climate change projections.  An average across all models was used to evaluate the 
distribution of the whitebark pine climatic niche with predicted climate change.    
 
GCM (Climate model) Source of GCM 
BCC-CSM1-1 Beijing Climate Center Climate System Model; China 
CCSM4 Community Climate System Model, National Science Foundation 
(NSF) and Department of Energy (DOE); United States 
GISS-E2-R Goddard Institute for Space Studies, National Aeronautics and 
Space Administration (NASA); United States 
HadGEM2-ES MET office with the Hadley Centre; United Kingdom 
IPSL-CM5A-LR Institut Pierre Simon Laplace; France 
MIROC-ESM-CHEM Model for Interdisciplinary Research on Climate; University Of 
Tokyo, Japan 
MRI-CGCM3 Meteorological Research Institute; Japan 
NorESM1-M Norwegian Earth System Model; Norway 
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Fig. 3.   Visual explanation of how greenhouse gas concentrations affect global surface 
temperature change (relative to years 1986-2005) with 90% confidence intervals.  Figure adopted 
from The Coupled Model Intercomparison Project Phase 5 (CMIP5) and presented in the 
contributions of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change (IPCC 2007a).  Numbers in the central columns indicate the quantity of 
different models contributing to the predictions at each time period, for each RCP.  No data are 
displayed for the RCP 6.0 projections, beyond 2100, because only two models were available.   
 
 
 
 
 
  
65 
    
3.3.3 Assessing changes in climatically suitable habitat   
We used the dismo (Hijmans et al. 2011) and raster (Hijmans & Etten 2012) packages in 
R v.3.2.1 to model relationships among climate predictor variables and species occurrence data, 
following the methods of Hijmans and Elith (2015).  We addressed issues with multicollinearity 
by using as predictors only those Bioclim variables, characterizing the species current 
distribution that passed a low correlation threshold test with +0.7 or -0.7 as a cutoff (Dormann et 
al.  2013).  We also chose variables relevant to whitebark pine life history.  The resulting five 
Bioclim variables included in the analysis were Bio5 = Max Temperature of Warmest Month, 
Bio6 = Min Temperature of Coldest Month, Bio8 = Mean Temperature of Wettest Quarter, 
Bio13 = Precipitation of Wettest Month (after performing logarithmic transformation), and 
Bio15 = Precipitation Seasonality (Coefficient of Precipitation Variation).  
We estimated nonlinear relationships between the predictor variables (Bioclim variables 
and species occurrence data) and the response variable (whitebark pine climatic niche) using a 
Generalized Additive Model, a robust data-fitting algorithm with high performance among 
several data fitting methods (Guisan et al. 2002).  In essence, this model incorporates the species 
presence and absence data, as well as climate data underlying this occurrence data, to determine 
the climate niche or “climate envelope” of whitebark pine.  We further included in the model 
interaction terms among the climate variables.  Once the climatic niche of whitebark pine was 
estimated, we projected the predicted distribution of the species habitable climates across 
projections of future climate, discussed in Methods section 3.3.2.  Geographical data partitioning 
(Fig.  4) was used to test and train the model (Hijmans & Elith 2015), and area under the curve 
(AUC) of the receiver operating characteristic (Fielding & Bell, 1997) was used to evaluate 
model accuracy and stability.  Seven geographic partitions, based on regional divisions that 
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broadly characterized distinct biomes (Olson et al. 2001), were used as individual training data, 
with the remainder of each of the divisions used as testing data.  We further used a Generalized 
Linear Model (GLM), with no variable interaction terms, to more simplistically capture the 
effects of the individual climate variables on climatically suitable habitat of whitebark pine.  
Variables were scaled before running the GLM. 
     
 
Fig. 4.  Distribution of geographically partitioned data, used to evaluate the performance of the 
Generalized Additive Model, or the niche model.  The model was trained on each of the seven 
geographic regions (represented here by different colors), and then tested on each of the 
remaining six regions.  The regions were partitioned based on biomes of the World Wildlife 
Fund. 
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3.3.4 Niche modeling output in the form of raw raster data  
Results from the Generalized Additive Model were composed of rasters of values that 
represent probabilities of climatically suitable habitat.  Raster data was analyzed in ArcGIS 10.3 
and R v.3.2.1.  Pixelated probability values are displayed in figures as “maps” of climatically 
suitable habitat of whitebark pine.  We focused the display of raster results on the extremes of 
potential outcomes, at years 2050 and 2070, with both the lowest and highest atmospheric carbon 
concentration scenarios, RCP 2.6 and 8.5 respectively.  However, empirical analyses captured all 
four carbon concentration scenarios at both time periods. 
 
3.3.5 Statistical analyses of raw raster data 
Whitebark pine is characterized by a vast life span (ca. 500-1500 years) and long term to 
reproductive viability (ca. 30 years); furthermore, whitebark pine establishment depends on 
dispersal by the Clark’s Nutcracker, fire regime, and viability of soils (Tomback et al. 2001, 
Burns & Honkala 1990).  In order to determine how climate change affects the viability of 
existing populations, rather than uncertain patterns of the species future establishment, we 
incorporated methods to evaluate predicted climate conditions underlying the geographical 
coordinates of current whitebark pine occurrences.  In ArcGIS 10.3, we averaged the raster 
probabilities underlying species presences (see section 3.3.1), relative to geographic distributions 
of federally recognized protected areas within North America, generally, Wilderness Areas of the 
United States, specifically, and additional federal lands containing whitebark pine.  Distributions 
of these protected areas were available as shapefiles (IUCN, UNEP-WCMC 2015, ESRI 2015).  
We graphed our results using the base package of R v.3.2.1.  We analyzed the distribution of 
probabilities for habitat being climatically suitable underlying species presence data within and 
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outside of protected areas (Fig. 8).  For associated analyses, (Figs. 8, 13, and 14), we 
incorporated the threshold probability at which presences and absences were most equally 
determined in the Generalized Additive Model evaluation.  Specifically, the threshold was based 
on the average probability value, across the seven geographic partitions of model evaluation, at 
which sensitivity (true positive rate of presences) and specificity (true negative rate of absences) 
were most equal.   
 
3.4 Results 
3.4.1 Predicted distribution of the current climatic niche of whitebark pine and model 
performance evaluation 
The evaluation of the Generalized Additive Model, in its correctness and stability when 
predicting presences and absences of whitebark pine, resulted in an average AUC value of 0.87 
(Table 2).  Evaluating the model across distinct geographic training regions resulted in similar 
values for each region, except for the Great Basin.  The second column, showing probability 
values of whitebark pine being present or absent, signify the thresholds at which species 
presence and absence were most equally correctly determined.  The Great Basin threshold 
probability was sizably lower than that of other regions (Table 2).  Individual climate predictor 
variables were evaluated for their effect and significance on the response variable, the probability 
of the climatic niche being suitable.  Minimum temperature of the coldest month (Bio6) had a 
strong effect on species presence and absence (Table 3).  Maximum temperature of the warmest 
month (Bio5) and precipitation of the wettest month (Bio13) had moderate effect sizes, and mean 
temperature of the wettest quarter (Bio8) had low effect on the response variable.  Only 
precipitation seasonality (Bio15) had an insignificant effect on species presence and absence. 
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The Generalized Additive Model predicted the current climate niche of whitebark pine to 
fall generally within its true realized niche, except for in the south-easternmost and northernmost 
parts of the species range (Figure 4A).  Additionally, the model results of the climate niche 
overlap with the whitebark pine present day distribution most accurately where both presence 
and absence data were available (Fig.  2).  The model tended to overpredict, rather than 
underpredict, the geographic distribution of the species climate niche, particularly in the southern 
Rocky Mountains and across Canada, where species occurrence data was especially lacking.  We 
could more rigorously evaluate results of the model in the United States as compared to Canada, 
given the enhanced capability for the model to project the whitebark pine realized niche in the 
United States.  Therefore, while we displayed predictions about whitebark pine relative to 
Canadian protected areas, we focused our analysis on protected areas within the United States.  
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Lower Cascades 0.78 0.89 0.75 0.75 
Sierras 0.92 0.9996 0.89 0.85 
Upper Cascades 
and Coast 
Mountains 
0.95 0.70 0.87 0.89 
Northern 
Rockies 
0.77 0.95 0.70 0.70 
Central and East 
Canada 
0.77 0.995 0.80 0.77 
Yellowstone 0.88 0.97 0.82 0.82 
Great Basin 0.99 0.02 0.95 0.95 
AVERAGE 0.87 0.78 0.83 0.82 
 
Table 2.   Results evaluating the ability for the Generalized Additive Model to predict whitebark 
pine presences and absences, in order to estimate the climatic niche of the species.  Training data 
was partitioned into the seven geographic areas presented here, based on World Wildlife Fund 
biomes (see Fig.  4) (Olson et al.  2001), and we tested the model on the six regions remaining 
outside of the training region.  Area under the curve (AUC) of the receiver operating 
characteristic (Fielding & Bell 1997) indicates the level of the model performance (0.5 to 1, from 
no precision to complete precision).  TPR=true positive rate, or rate at which presences are 
correctly determined, and TNR=true negative rate, or rate at which absences are correctly 
determined.  The threshold (second column of values) indicates the probability value at which 
the ability to correctly determine presences and absences is most equal; the average of these 
thresholds (0.78) was incorporated into analyses contributing to Figures 8, 13, and 14. 
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Scaled climate variables used as predictors 
in the model 
Effect  
(β value) 
Standard error p-value 
Minimum temperature of the coldest month -1.56 0.13 <0.0001 
Maximum temperature of the warmest 
month 
-0.67 0.11 <0.0001 
Precipitation of the wettest month 0.65 0.12 <0.0001 
Mean temperature of the wettest quarter -0.35 0.08 <0.0001 
Precipitation seasonality  
                  (coefficient of variation) 
-0.10 0.09 0.239 
 
Table 3.   Effect and significance of scaled climate variables on predicted whitebark pine 
presence and absence, based on a Generalized Linear Model.  The same variables presented here 
were incorporated into the Generalized Additive Model, used for the niche modeling.  In this 
case, the independent variables are the climate variables in column one.  The dependent variable 
is the probability of locations being climatically suitable for whitebark pine.  Therefore, the 
effect (second column) of each climate variable on the dependent variable is correlated with the 
predicted climatic niche of whitebark pine.  For example, the species climatic niche is negatively 
correlated with positive temperature values, but positively correlated with positive moisture 
values.  Only precipitation seasonality had an insignificant effect on whitebark pine occurrence.   
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Fig. 5.    The predicted current climatic niche of whitebark pine, represented as probability 
values of locations being climatically suitable.  (A) Current climate niche of whitebark pine, as 
predicted by the niche model, with respect to the native distribution of the species.  (B)  Current 
climate niche of whitebark pine, as predicted by the niche model, with respect to the geographic 
coordinates of presence data used in the niche modeling. 
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3.4.2 Predicted distribution of species climatic niche, with climate change, relative to the 
World Database of Protected Areas, Wilderness Areas, and additional federal lands 
The predicted climatic niche of whitebark pine, with climate change, maintained similar 
outer geographic boundaries as the predicted current climatic niche (Fig. 5).  However, at year 
2050, the suitable niche distribution of whitebark pine is reduced (Fig.  6A and 6B) relative to 
the species current range.  Climatically suitable whitebark pine habitat is most dramatically 
reduced in the southern Cascades and central Rocky Mountains, with a higher greenhouse gas 
concentration scenario resulting in greater reduction (Fig.  7B).  With respect to private and 
public protected areas, five regions contain the largest areas of suitable whitebark pine climates 
in 2050, at both high and low greenhouse gas concentration (upper Cascades, southern Sierra 
Nevada, central Rocky Mountains, Canadian Rocky Mountains, and the Greater Yellowstone 
Ecosystem).  In year 2070, the distribution of whitebark pine suitable climates was reduced 
relative to year 2050, but noticeably more diminished for the higher greenhouse gas 
concentration scenario.  Across a majority of the range of whitebark pine, the species climatic 
niche with climate change becomes restricted to high elevation peaks, portrayed by few raster 
pixels.  With the inability to detect the whitebark pine climatic niche at these sparse peaks across 
a range-wide map, we provide state-wide maps of predictions specific to the United States in 
Appendix 1.   
We further present protected and public lands, where whitebark pine is currently 
distributed, that we predict to contain climatically suitable habitat for the species under the most 
extreme climate scenario (Fig. 8, with Tables 4 and 5 listing lands).  Figure 8 provides a broader, 
public land-centered perspective, of the species outcome with climate change.  At year 2070 and 
RCP 8.5 (highest greenhouse gas concentration), multiple lands within the WDPA are predicted 
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to maintain locations with the species climatic niche.  The vast majority of these lands are 
Wilderness Areas (Table 4).  Specifications of those WDPA lands listed in Table 4 (including 
governing agency and IUCN protection classification) are available in Appendix 2.  We also 
present protected areas predicted to lose all climatically suitable habitat available for the species, 
which were concentrated in Canada (Fig. 8).  As previously noted, low model reliability for 
Canadian estimations preclude further analyses for this upper extent of the species.  There were 
several US federal lands, where whitebark pine is currently distributed, that maintain climatically 
suitable habitat of whitebark pine into 2070, at high greenhouse gas concentrations (Fig. 8, Table 
5).  At this climate scenario, only one federal land not within the WDPA was designated 
Wilderness Area.  (Table 5).  Figure 8 shows numerical support for protected lands of the WDPA 
to support the climatic niche of whitebark pine, more so than areas outside of the protected 
network.  For this analysis, we gathered probability values, at varying climate scenarios, 
underlying the presences of whitebark pine.  Current species occurrence data amounted to 991 
presences distributed within WDPA lands versus 1991 presences outside of the WDPA (Fig. 9A 
and 9B).  The red rectangle highlights the higher number of species occurrences, within relative 
to outside protected lands that continue to be located within the climatic niche of the species, 
long-term.   
Climatically suitable habitat with respect to United States Wilderness Areas, specifically, 
present three primary regions predicted to support whitebark pine, at both years 2050 and 2070, 
and at a high greenhouse gas concentration scenarios: the upper Cascades, southern Sierra 
Nevada, and the Greater Yellowstone Ecosystem (Fig. 10A and 10B).  A closer perspective of 
these three regions, at year 2050, presents a scenario in which the highest elevations of the 
Wilderness Areas provide suitable climate conditions for whitebark pine (Fig. 11A, B, and C).  
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This trend is even more apparent at year 2070, in which in some cases only solitary mountain 
peaks provide climatically suitable habitat (Fig. 12 A, B, and C).  The southern Sierra Nevada 
provides the most continuous habitable conditions for the species in year 2070 (Fig. 12B).   
 
 
 
 
Fig. 6.  Predicted climatically suitable locations for whitebark pine at year 2050, overlayed by 
protected lands of the World Database of Protected Areas.  (A) Year 2050, RCP 2.6 (low 
greenhouse gas concentration) and (B) Year 2050, RCP 8.5 (high greenhouse gas concentration). 
 
A B 
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Fig. 7. Predicted climatically suitable locations for whitebark pine at year 2070, overlayed by 
protected lands of the World Database of Protected Areas.  (A) Year 2070, RCP 2.6 (low 
greenhouse gas concentration) and (B) Year 2070, RCP 8.5 (high greenhouse gas concentration). 
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Fig. 8 (previous page).  A comparison of WDPA protected areas and additional federal lands 
predicted to contain the whitebark pine climatic niche (with probability >0.78) at Year 2070, 
RCP 8.5 (high greenhouse gas concentration).  For specific names of lands of the World 
Database of Protected Areas (WDPA) predicted to support whitebark pine (green areas), see 
Table 4.  For United States federal lands unrecognized by the WDPA, yet predicted to support 
whitebark pine (yellow areas), see Table 5.  Here, areas predicted to have even low levels of the 
whitebark pine climatic niche are more apparent.  A threshold probability of 0.78, used to 
determine WDPA and federal lands having future climatically suitable habitat, was chosen based 
on the average probability at which presences and absences were most equally predicted by the 
model (Table 2).   
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Table 4.  Specific names of lands included in the World Database of Protected Areas (WDPA), 
highlighted in green in Fig. 8.  These lands are predicted to contain the whitebark pine climatic 
niche at Year 2070, RCP 8.5 (high greenhouse gas concentration).  Further area specifications, 
including protected area type (National Park, Wilderness Area, etc.), governing agency, and 
IUCP classification, are provided in Chapter 3 Appendix 2. 
CALIFORNIA OREGON ALBERTA 
Ansel Adams Eagle Cap Willmore 
Carson-Iceberg Mount Hood Banff  
Emigrant Sky Lakes Beehive 
Golden Trout Three Sisters Bow Valley Wildland 
Harvey Monroe Hall IDAHO Canadian Rocky Mountain Parks 
Hoover Bald Mountain Don Getty Wildland 
John Muir Bureau of Land Management 
Land 
Elbow-Sheep Wildland 
Kings Canyon/Sequoia Fish Lake Evan-Thomas 
Lassen Volcanic Five Lakes Butte Jasper  
Mount Shasta Frank Church - River of No 
Return 
Mt. Livingstone 
Sequoia-Kings Canyon Gospel - Hump Peter Lougheed 
Yosemite  Henrys Lake Plateau Mountain 
WYOMING Meadow Canyon Siffleur 
Bridger Moose Meadow Creek Spray Valley 
Fitzpatrick Saint Joe Waterton Lakes  
Grand Teton Sawtooth White Goat 
Jedediah Smith Webber Creek Waterton Glacier  
John D.  Rockefeller, Jr. Yellowstone BRITISH COLUMBIA 
North Absaroka Selway- Bitterroot Big Creek Park 
Owl Creek MONTANA Bugaboo Park 
Popo Agie Anaconda Pintler East Side Columbia Lake  
Teton Cave Mountain Elk Lakes Park 
Washakie East Fork Blacktail Deer Creek Glacier  
Yellowstone Glacier Hamber Park 
Absaroka Beartooth Lee Metcalf Height of the Rockies  
WASHINGTON Palace Butte Kakwa Park 
Alpine Lakes Yellowstone Kootenay  
Glacier Peak Selway-Bitterroot Mount Assiniboine  
Lake Chelan Absaroka Beartooth Mount Robson  
Lake Chelan-Sawtooth Yellowstone South Chilcotin Mountains  
Mount Adams Waterton Glacier  Top of the World Park 
Mount Rainier NEVADA Ts'Yl-Os Park 
North Cascades Mount Rose Tweedsmuir Park 
Pasayten  Yoho  
Stephen Mather   
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Table 5.  Specific names of lands in the United States not included in the World Database of 
Protected Areas (WDPA) and highlighted in yellow in Fig. 8. These areas are predicted to 
contain climatically suitable areas for whitebark pine at Year 2070, RCP 8.5 (high greenhouse 
gas concentration).  All areas are under the jurisdiction of the United States Forest Service.   
 
 
 
 
 
 
 
 
CALIFORNIA IDAHO 
Eldorado National Forest Challis National Forest 
Inyo National Forest Salmon National Forest 
Desolation Wilderness Targhee National Forest 
Toiyabe National Forest Sawtooth Wilderness Study Area 
NEVADA OREGON 
Inyo National Forest Deschutes National Forest 
Toiyabe National Forest Umpqua National Forest  
WYOMING Whitman National Forest 
Targhee National Forest MONTANA 
Shoshone National Forest Beaverhead National Forest 
Teton National Forest Deerlodge National Forest 
WASHINGTON Gallatin National Forest 
Wenatchee National Forest Hyalite-Porcupine-Buffalo Horn Wilderness 
Study Area Mount Baker Wilderness 
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Fig. 9A and 9B.  Probability of habitat being climatically suitable, with climate change, (A) 
inside and (B) outside of protected lands of the WDPA.  Probability values were gathered at 
current presences of whitebark pine (see Fig.  2B for presence data), in order to estimate impacts 
on extant populations of the species.  N=the number of whitebark pine presences included in 
each predicted boxplot distribution.  The red rectangles, placed for easier comparative 
assessment, highlight the differences in amount of climatic suitable habitat for (A) protected 
lands, than (B) unprotected.  Climate and greenhouse gas concentrations present a more negative 
view for those lands outside protected areas of the WDPA. Furthermore, of the N=997 presences 
in (A) lands inside protected areas, 826 of these presences were distributed within United States 
Wilderness Areas. 
 
 
 
 
(A) (B) 
  
82 
    
 
 
Fig. 10   Predicted climatically suitable locations for whitebark pine at a high greenhouse gas 
scenario at, (A) 2050 and (B) 2070, overlayed by Wilderness Areas of the United States.  The red 
inset boxes highlight three regions, dominated by Wilderness Areas and having more continuous 
climatically suitable habitat.  Red inset boxes are shown in detail, in Figures 11 and 12.   
 
A B 
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Fig. 11.    Red box insets from Figure 10A.  Predicted climatically suitable habitat of whitebark 
pine in year 2050, RCP 8.5 (high greenhouse gas concentration) specifically within Wilderness 
Areas of the (A) Upper Cascades, (B) Sierra Nevada, and (C) Greater Yellowstone Ecosystem.   
 
 
 
 
A B C 
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Fig.  12.    Red box insets from Figure 10B.  Predicted climatically suitable habitat of whitebark 
pine in year 2070, RCP 8.5 (high greenhouse gas concentration) specifically within Wilderness 
Areas of the (A) Upper Cascades, (B) Sierra Nevada, and (C) Greater Yellowstone Ecosystem.   
 
 
 
 
 
 
A B C 
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3.4.3 Predicted distribution of the species climatic niche, with climate change, relative to 
elevation and latitude 
Since coarse scale evaluations of general trends is the strength of niche modeling, we 
focus on general yet quantifiable trends.  We found climate change to have a noticeable influence 
on the predicted elevations associated with the whitebark pine climatic niche (Fig.  13); however, 
climate change was predicted to have little effect on the species niche with respect to latitude 
(Fig.  14).  Climatically suitable habitat increases in elevation, with increasing greenhouse gas 
concentrations, and from year 2050 to year 2070 (Fig.  13).  However, mean elevation was more 
differentiated as a result of greenhouse gas concentration, rather than between years 2050 or 
2070 at the same greenhouse gas concentration.  Of the original 1908 presences representing the 
current climatic niche, 72 of these continued to support climatically suitable habitat into year 
2070, at a high greenhouse gas concentration.   
At year 2050, a larger impact on the increased elevation of the climatic niche occurs as a 
result of RCP 4.5, as compared to RCP 6.0.  In these results, we notice the effects of RCP 4.5 
and 6.0 “trading places” in the global climate model trajectory (see Fig.  3, year 2050, RCP 4.5 
vs.  6.0), and the impact that these small changes in greenhouse gas concentration have on these 
data.  At year 2070, RCP 8.5 (high greenhouse gas emissions), the predicted latitudinal 
distribution of the whitebark pine climatic niche shifts southward (Fig. 14).  This anomaly in the 
data, standing out from the latitudinal distribution with other years and carbon concentration 
scenarios, results from performing this analysis with respect to known geographic occurrences of 
whitebark pine.   
The southward distributional shift would have been less extreme, in year 2070 and RCP 
8.5, with additional species presences available at northernmost latitudes, in Canada.  Canadian 
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NFI plots, which supplied most Canadian occurrence data, are so far less densely distributed 
relative to those of the United States FIA program (NFI 2014, FIA 2014), resulting in seemingly 
low whitebark pine abundance at higher latitudes in Figure 14.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13.  Distribution of elevation (meters) supporting climatically suitable habitat of whitebark 
pine.  Climatically suitable habitat was determined based on the threshold probability at which 
presences and absences were most equally determined (0.78).  Above the graph, N = the number 
of presences having probability values (of climate supporting the species) above 0.78.  Each 
number of N therefore represents the amount of whitebark pine occurrences, distributed at the 
range of altitudes displayed.  The bottom, middle, and upper border of each boxplot represent the 
25th, 50th, and 75th percentiles of the distribution, respectively.  Mean values in the distribution 
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are represented as blue points, while outliers are unfilled points towards the tails of the 
distribution.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  14.  Distribution of latitudes supporting climatically suitable habitat of whitebark pine.  
Climatically suitable habitat was determined based on the threshold probability at which 
presences and absences were most equally determined (0.78).  Above the graph, N = the number 
of presences having probability values (of climate supporting the species) above 0.78.  Each 
number of N therefore represents the amount of whitebark pine occurrences, distributed at the 
range of latitudes displayed.  The bottom, middle, and upper border of each boxplot represent the 
25th, 50th, and 75th percentiles of the distribution, respectively.  Mean values in the distribution 
are represented as blue points, while outliers are unfilled points towards the tails of the 
distribution.   
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3.5 Discussion and Conclusions 
In order to anticipate how species ranges will be affected by climate change, within 
realistically complex ecological environments, reasonable conclusions based on niche modeling 
applications will rigorously evaluate results and their applicability (Araujo & Peterson 2012).  
We therefore present a framework within which we critically discuss our conclusions and 
broader implications for conservation:  
(1) We evaluate the niche model performance to focus on regions where we have high 
confidence in the model.  Besides highlighting model strengths, we are unambiguous about the 
model uncertainties.  (2) Considering the grain size of available climatic data layers, with respect 
to heterogeneity in a mountainous landscape, we consider general trends from the results, rather 
than strict percentages, which have the tendency to overestimate extinction (Barbet-Massin et al.  
2010, Randin et al.  2009).  Coarse scale patterns may nonetheless largely dictate and 
continuously affect what happens at the fine scale, to the extent that local and landscape-level 
changes in species habitat connectivity occur as one (Poiani et al.  2000).  Therefore, we stress 
that coarse scale analyses embody processes equally important to conservation planning.  (3) 
Since climatic envelope modeling, specifically, has been criticized on the basis that species 
dispersal and biotic interactions are not accounted for (Araujo & Peterson 2012), we control for 
this by focusing on conclusions made about locations where whitebark pine is already 
distributed.  We further evaluate impacts on known geographic occurrences of whitebark pine, to 
understand how extant populations of the species may be affected by climate change.  This 
accounts for the long life span and potential phenotypic plasticity of extant organisms, in 
addition to the unknown establishment patterns of future populations. 
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By comparing where the niche model predicts climatically suitable habitat of whitebark 
pine, in relation to occurrence data of the species, we can determine those geographic locations 
where the model best performs.  Since geographic coordinates are widely available for specific 
presences and absences of whitebark pine, we can determine at a fine scale within the United 
States and to a broader extent within Canada (Fig.  2B) how well the model predicted the 
species’ current realized niche.  The model best assessed the geographic limits of the realized 
niche towards the center of the species geographic range, where most presences and absences 
were incorporated into model training.  See Fig. 5A to compare where the niche model predicts 
the whitebark pine current climatic niche, as compared to presence and absence data 
incorporated into the model, Fig. 2B.  From the southern Coast Mountains to the southern Sierra 
Nevada, and the Great Basin to the central Rocky Mountains, the climatic niche, as defined by 
the model, clearly overlaps with the current distribution of the species.   
Overpredictions of the whitebark pine realized niche were made in the northernmost 
latitudes of the species range, in western British Columbia and eastern Alberta, as well as 
towards the southern Rocky Mountains (Fig. 5A).  Importantly, presence and absence data were 
grossly lacking for Canada, particularly for Alberta, from which National Forest Inventory (NFI) 
presence and absence data were unavailable.  Furthermore, the model was not trained on species 
absence data in Colorado, because this state was not included in our study area of presences and 
absences, defined as World Wildlife Fund ecoregions containing whitebark pine (Fig. 2A).   
Model inaccuracy towards these northern and southeastern edges of the whitebark pine 
range could result from novel climate variable interactions towards these distribution extremes, 
independent variable assemblages on which the model was not trained.  Alternatively, these 
areas could represent climatically suitable habitats unoccupied by whitebark pine for more 
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complex ecological reasons.  As previous studies suggest, climatic niche ranges are often in 
disequilibrium, particular towards northern and southern edges, as a result of biotic interactions, 
dispersal limitation, or historical contingency (Elith et al.  2010, Araujo & Pearson 2005, Sexton 
et al. 2009, Iverson & McKenzie 2013).  The niche model predicts the climatic niche of 
whitebark pine in an area of the southern Rocky Mountains that neatly overlaps with the current 
distribution of limber pine (Pinus flexilis James), a whitebark pine relative.  Limber pine is one 
of the few high elevation North American white pines of the subgenus Strobus, having seeds also 
dispersed by the Clark’s nutcracker.  We therefore suggest that unknown biotic interactions or 
novel climatic environments, rather than dispersal limitation, prevents whitebark pine from 
occupying the southern Rocky Mountains.   
Given the specificity with which the model is able to predict the geographic location of 
the whitebark pine realized niche in the central Rocky Mountains, Sierra Nevada, and Cascade 
Mountains, we have high confidence in conclusions based on these regions.  With increasing 
effects of climate change, the model predicts that the whitebark pine climatic niche becomes 
progressively geographically constricted (Figs. 6 and 7).  Climate change is predicted to also 
shift the distribution of climatically suitable habitat towards higher elevations (Fig. 13).  This 
effect essentially pushes climatically habitable lands increasingly into those incorporated into the 
network of the World Database of Protected Areas (WDPA), which largely overlap with 
Wilderness Areas of the United States (Figs. 8 and 10, Table 4).  Since the high IUCN 
classification of Wilderness meets WDPA standards, and 83% of present day whitebark pine 
presences distributed within the WDPA also occur in Wilderness Areas, these protected areas 
have comparable geographic regions and outcomes in our results.  Nevertheless, among those 
regions within the WDPA, the climatic niche of whitebark pine becomes particularly constrained 
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to Wilderness Areas of the Greater Yellowstone Ecosystem, southern Sierra Nevada, and upper 
Cascades (Figs.  10, 11, and 12).  The predicted coverage of the climatic niche with climate 
change is substantially different between alternative greenhouse gas concentration scenarios, 
relative to between years 2050 and 2070 at a single projected greenhouse gas concentration 
(Figs. 6 and 7).  Small changes in greenhouse gas concentration therefore have large 
environmental impacts.  This trend suggests that any mitigation of greenhouse gas concentration 
increases would produce considerably more positive outcomes for species responding to climate 
change.   
Smaller mountaintop islands supporting whitebark pine, outside of those within 
Wilderness Areas, may be particularly vulnerable to extinction with climate change.  Previous 
research suggests that whitebark pine is less common across subalpine environments of low 
geographic breadth (Tomback et al. 2001).  While mountain islands averaging 34,665 hectares in 
size support whitebark pine, as well as limber pine and Great Basin bristlecone pine (Pinus 
longaeva), those averaging 616 hectares do not. Based on our model projections within the 
United States, Wilderness Areas will provide the largest expanses of climatically suitable habitat 
for whitebark pine, with climate change.   
That the whitebark pine climatic niche becomes more prevalent within WDPA lands and 
Wilderness Areas presents many policy and conservation-related implications for the future of 
whitebark pine.  Since managers of the WDPA are required to provide regular inventories of 
species, submitted online, data for science and conservation purposes will be more readily 
available within these areas (IUCN, UNEP-WCMC 2015).  Increased whitebark pine habitat 
confined to Wilderness Areas, specifically, presents an ironic conservation dilemma, for several 
reasons.  Wilderness Areas have a generally hands-off conservation management philosophy, 
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and whitebark pine requires ecological restoration techniques to ensure its long-term survival 
with the blister rust pathogen (Keane et al.  2012).  Ecosystem management and restoration 
practices are not easily permitted in many Wilderness Areas, since the Wilderness Preservation 
Act of 1964 protects these areas from influences previously considered human disturbance 
(Wilderness Act 1964).  Wilderness Areas have therefore been problematic for populations 
threatened by, for example, attack by exotic pathogens and fire exclusion, two key issues for 
whitebark pine survival (Dawson & Hendee 2009).  Fire is generally more prevalent in 
Wilderness relative to other federal lands, in part due to their remoteness and an associated “let it 
burn out” philosophy.  However, Wilderness Areas have not been immune to the overall trend of 
fire suppression and the effects of fire fuel loads accumulating to cause devastating fire 
intensities in later years (Dawson & Hendee 2009, Collins & Stephens 2007, Haire et al. 2013, 
Stephens & Ruth 2006).   
Particularly critical to improving whitebark pine survival within Wilderness Areas, 
assisted colonization of blister rust-resistant seedlings are paramount to restoring the abundance 
and native range of whitebark pine populations.  Unfortunately, Wilderness presents a difficult 
situation for the travel and transportation of supplies, for monitoring and restoration purposes, 
since they are generally inaccessible by vehicle, with oftentimes hazardous terrain (Cole and 
Yung 2010).  Also, at these elevations, whitebark pine is often distributed along precariously 
steep slopes, where Clark’s nutcrackers prefer to cache seeds (Tomback 1982).   
Counter to our predictions, the mean latitudinal gradient of climatically suitable 
conditions was relatively unchanged with climate change (Fig. 14).  By predicting that climate 
change may have little impact on the latitudinal gradient of the species climatic niche in the 
United States, our findings are consistent with studies documenting current species range shifts.  
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Previous research has shown that a majority of tree species ranges may be contracting 
latitudinally, rather than shifting poleward (Zhu et al. 2011), even though several studies have 
documented altitudinal shifts of trees (reviewed in Iverson & McKenzie 2013).  Nonetheless, 
niche modeling applications predict that climate change could cause latitudinal species range 
shifts at the regional and global scale, with the loss of lower latitude populations (Bakkenes et al.  
2002, Thuiller et al. 2005, Meier et al. 2011).  Therefore, collecting additional whitebark pine 
presence and absence data in Canada is critical and necessary for detecting finer scale northward 
distributional range shifts of the species and its climatic niche.   
We acknowledge that range-wide maps, showing predicted changes in whitebark pine 
habitat with climate change, essentially hide the fine-scale climatically suitable areas for the 
species (Fig. 7).  Many previous niche modeling studies failed to elaborate on fine scale niche 
model results, obscuring the true vulnerability of a species.  In turn, dim outlooks for species 
have in some cases caused managers to consider “giving up” on species showing high 
vulnerability to climate change (Keane et al. 2013).  Discrepancy between modeling results and 
reality has caused criticism of niche models, including their applications to whitebark pine 
management (Keane et al. 2013).  We therefore included Appendix 1, to provide appropriate 
finer scale, state-wide maps, of predicted distributions of climatically suitable habitat, and 
elaborate on microhabitat heterogeneity not accounted for given the grain size of our climate 
data.  We further presented a wide distribution of US National Forests across the species current 
geographic distribution, in addition to the Mount Baker Wilderness Area, as lands predicted to 
support future climatically suitable habitat for whitebark pine (Fig. 8, Table 5).   
The current state of climatic niche modeling poorly handles the issue of not capturing 
fine-scale climatic variability.  In topographically complex environments characterizing those of 
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the subalpine where whitebark pine is distributed, microclimates are created by elevation 
differentiation, terrain barriers, cold air drainage patterns, and inversions (Daly 2006).  For 
example, these climates are evident in the shaded shelter of a rock outcrop, or on a northward 
versus southward slope aspect (Diffenbaugh et al. 2005).  Ecological heterogeneity, providing 
fine scale suitable habitats for species, may critically connect species distributions long-term, 
putting off the negative impacts of range fragmentation (Diffenbaugh et al. 2005, Suggit et al. 
2011).  Since the coarse scale of our analysis averages over these environmental complexities, 
suitable habitats tend to be underestimated (though see Trivedi et al. 2008), which is why we 
focus our conclusions on general and realistic trends.  Related to this, we caution interpretations 
about predicted niche distributions in the Great Basin (Table 2).  In Nevada, whitebark pine 
occurs in climatically distinct high elevation outcrops, within a landscape otherwise dominated 
by dessert and shrubland (Olson et al.  2001).  Since the scale of available climatic data likely 
diminished the extremes between these climate types within the Great Basin, we expect 
underpredictions of habitat suitability to be higher in this region, in particular (Daly 2006).  This 
in turn affected the low threshold value at which presences and absences were most equally and 
accurately predicted for this region (Table 2, second column).  
While whitebark pine in the western United States could continue to decline with climate 
change, effectively employed restoration efforts have the opportunity to influence current 
impacts on the species abundance and distribution (Keane 2013).  By returning to historically 
important ways in which whitebark pine was established across the landscape, the species could 
retake lower elevation lands at which it was once more common – specifically, through post-fire 
colonization strategies.  A regular fire regime may have maintained whitebark pine abundance 
through warm fluctuations in Earth’s history (Tausch 1993), and fire is predicted to become 
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more common across western North America with climate change, in areas overlapping with the 
whitebark pine range (Marlon et al. 2009).  Whitebark pine is an exceptional post fire colonizer, 
in part from its successful growth without nearby competitors as well as unique dispersal 
capabilities (Burns & Honkala 1990, Arno and Hoff 1990, Keane 2001).  The Clark’s nutcracker 
preference to cache seeds in burned, open woodlands, provides whitebark pine progeny a chance 
to access these areas before the seeds of most competitors (Tomback 1982, Tomback et al. 1990, 
Lorenz et al. 2008, Lorenz & Sullivan 2009).   
A proactive approach to alleviate pressure from climate change would therefore 
efficiently combine the propagation and planting of blister rust-resistant genotypes in 
conjunction with increased controlled burns (Hutchins 1994).  It will be critical that the Clark’s 
nutcrackers have access to future seed crop derived from blister rust resistant families.  In order 
to alleviate the massive mountain pine beetle epidemics typical of modern western North 
American forests, vegetation should be composed of mixed age classes at various successional 
stages (Schoettle & Sniezko 2007).  Mixed stand forests will in turn prevent fire fuel loads from 
reaching magnitudes that ultimately impede post-fire colonization (Ryan & Reinhardt 1988).   
Since whitebark pine may have the potential to grow successfully at 500 meters below its 
currently occupied elevation gradient (Arno et al. 1995), increased post fire colonization could 
deter the competitive interactions typical of lower elevations, which hinder the species growth.  
In the case that niche models are used to highlight candidate sites for assisted migration, for 
which they have already been implemented (McLane & Aitken 2012), it is important to take into 
consideration the ecological complexity of the species in relation to its environment.  For 
example, whitebark pine, like all pine species, has an obligatory relationship with mycorrhizae 
fungi and sensitivity to early germination conditions.  Therefore, assisted colonization 
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techniques, particularly for valued blister rust-resistant progeny, should mimic natural conditions 
for successful establishment of each individual.  Given the opportunity for post-fire colonization 
through the vigorous restoration efforts presented here, we would support a more hopeful 
outlook for whitebark pine with climate change.  By reclaiming lower elevation lands for 
whitebark pine, the species will maintain greater continuity in its distribution between the high 
elevation Wilderness Areas we predicted to present climatically suitable opportunities for the 
species, long-term.   
Understanding how climate is predicted to impact species is critical to thwarting 
biodiversity loss.  Proactive research to evaluate the effects of climate change, and associated 
conservation efforts, will be important before species are well into climate-induced decline.  For 
a keystone species such as whitebark pine, its persistence in the environment is important to the 
maintenance of ecologically healthy communities.  Here, we evaluated how climate change is 
predicted to impact whitebark pine, to assess coarse scale trends of the species predicted climatic 
with respect to protected areas, elevation, and latitude.  We present striking evidence for a 
disparity of climatically suitable conditions for whitebark pine in Wilderness Areas, particularly 
under high greenhouse gas concentration conditions.  Coincident with this pattern, there was 
support for an increase in the elevation of the whitebark pine climatic niche, with climate 
change, but no substantial shift of the climatic niche latitudinally.  By performing a rigorous 
evaluation of the strengths and weaknesses of our model, we were able to glean helpful 
information about the species potential trajectory with climate change, in light of the complex 
biotic interactions characterizing the species life history, and distribution within a topologically 
complex landscape.  Future research studies could be improved by greater availability of 
whitebark pine occurrence data in Canada, particularly in order to investigate fine scale changes 
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in the species range limits towards its northern distribution.  We strongly advocate for restoration 
efforts in Wilderness Areas, despite management policy for these lands typically avoiding human 
intervention strategies.  We further encourage the implementation of a fire regime that emulates 
one characterizing historical periods, which allowed for greater abundance of whitebark pine 
through alternative colonization strategies.  Appreciation for the species fire ecology, in 
conjunction with vigorous planting of blister rust-resistant seed, is expected to promote the long-
term persistence of whitebark pine.  In particular, these restoration efforts should focus on habitat 
heterogeneity, which we highlight in fine scale maps of the species predicted climatic niche with 
climate change.  Understanding niche models with a holistic perspective that implicates the 
biology of a species and the course grain of climate layers, as we have explicated here, will 
continue to be beneficial as we recognize the broader impacts of climate on biodiversity and 
create effective conservation plans for species. 
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4.1 Abstract 
 Northwestern North America is characterized by a complicated geological and climatic 
history, confounding the detection of phylogeographic patterns of species occurring in the 
region.  With modern DNA sequencing platforms, genotyping analyses are transitioning to high-
throughput applications that provide high resolution genetic markers, genome-wide.  Here, we 
investigate genetic variation and phylogeographic patterns across the geographic distribution of a 
high elevation tree species of northwestern North America, whitebark pine (Pinus albicaulis 
Engelm.)  We implemented genotype-by-sequencing (GBS), using a non-reference based 
genotyping pipeline, to gather more than 3,735 informative SNP markers across the genome.  
Among-population genetic variance was low (ФST=0.05), consistent with previous studies and the 
species’ life history.  Based on a multivariate genetic analysis, we detected significant genetic 
isolation by distance for whitebark pine across both latitudinal and longitudinal gradients.  
Results also suggest that populations of Canada and northeastern Nevada have genetic affinity to 
those of the Cascades.  Population structure analyses show particularly high genetic similarity 
between populations of the upper Rocky Mountains and Cascades, consistent with hypotheses of 
previously high gene flow across the Columbia Basin.  We highlight that future genotype-by-
sequencing approaches, particularly those analyzing large pine genomes, will benefit by the 
availability of reference genome resources to increase the reliability of genotype calls.   
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4.2 Introduction 
Phylogeography investigates the principles and processes explaining the geographic 
context of intraspecific evolutionary lineages (Avise 2000).  Given that the field of 
phylogeography is rooted by population genetics and biogeography, it plays an important role in 
linking our understanding of micro- and macroevolutionary processes (Hickerson et al. 2010, 
Bermingham & Moritz 1998).  Besides improving our understanding of evolutionary patterns, 
phylogeographic studies have broad conservation applications (Lande 1988, Ellstrand & Ellam 
1993, Stockwell et al. 2003).  Genetic variation and its geographic structure is foundational to a 
species’ potential to adapt with environmental change and reproduce without the detrimental 
effects associated with inbreeding depression.   
Northwestern North America, which we define in this chapter as the coastal and inner 
mountain ranges of western United States and Canada, has a complex history of mountain 
formation and glacial cycles, both having lasting impacts on intraspecific genetic patterns 
(Shafer et al. 2010, Brunsfeld et al. 2007, Soltis et al. 1997).  Species distributions in this region 
are explained by ancient vicariance or dispersal, in combination with more recent expansion 
from glacial refugia.  The formation of the Sierra and Cascade mountains 5-2 Mya created a 
range shadow affect, leading to the drier basin between them and the much older Rocky 
Mountains of the continental interior (Brunsfeld et al. 2001).  Mesic forests of the Rocky 
Mountains, Sierra Nevada, Cascades, and Coast Mountain Ranges now flank dry steppe 
vegetation of the Great and Columbia Basins, with some intermountain highlands distributed 
between the coastal and inner ranges.  Species occurring in northwestern North America are 
among those most affected by Pleistocene glacial cycles, with the region’s high latitudes and tall 
peaks having been covered by glacial sheets (Pierce 2003), and now dry intermountain basins 
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once consisting of moist forests and expansive glacial lakes (Wells & Berger 1967, Thompson & 
Mead 1982, Thompson 1990).  Despite the regional topography and climatic history resulting in 
barriers to gene flow for many species occupying northwestern North America, the region has 
been poorly represented in phylogeographic research, relative to the southeastern United States 
and Europe (Avise 2000, Hewitt 2004, Hickerson et al. 2010).  Scientific understanding of 
fundamental evolutionary processes, as they are impacted by physiographic and climatic change, 
may be improved by studying in more detail northwestern North America in a phylogeographic 
context.  
Whitebark pine (Pinus albicaulis Engelm.), a critically threatened species, is distributed 
across the mesic coastal and inner ranges of northwestern North Americas, as well as highlands 
of the Great Basin and Columbia River Basin (Fig. 1).  Whitebark pine is commonly the sole tree 
species at treeline but phases out in competitive lower elevation environments represented by 
mixed conifer forests (Burns & Honkala 1990).  Occurring within subalpine environments, the 
species has competitive strength in surviving frigid temperatures, long-term snowpack, strong 
winds, and intense radiation.  Whitebark pine also capitalizes on early successional strategies, 
often the first to become established after volcanic, fire, and presumably glacial activity.  
Whitebark pine seeds, high in nutrition, are important to mammals, including grizzly bears and 
black bears which have high energy storage needs before hibernation (Tomback et al. 2011).  
Also, the species has a classic mutualist relationship with its primary seed disperser, the Clark’s 
Nutcracker (Nucifraga columbiana Wilson), a bird particularly adept at removing the scales of 
the indehiscent cones (Tomback 1982).  Regeneration of whitebark pine is therefore obligately 
dependent on the caching of 30,000 to 100,000 seeds by each Clark’s Nutcracker every season.   
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Biotic and abiotic threats to whitebark pine survival are geographically wide-ranging and 
threaten the future existence of the species.  Whitebark pine has been in a state of decline over 
the previous decades, largely resulting from mortality by white pine blister rust (Cronartium 
ribicola J.C. Fisch) which optimizes further attack by the native mountain pine beetle 
(Dendroctonus ponderosae Hopkins), currently in epidemic proportions across western North 
America (Schoettle & Sniezko 2007, Tomback & Achuff 2010, Keane et al. 2012).  Abiotically, 
whitebark pine is at risk from fire exclusion, as well as future climate change, which is already 
differentially impacting high elevation species such as those of the subalpine (Parmesan & Yohe 
2003, Parmesan 2006, Chen et al. 2011).  In response to the vulnerability of whitebark pine, 
federal programs are promoting the conservation and restoration of the species, using seed zone 
maps to guide seed transfer during habitat restoration (Mahalovich et al. 2006, Mahalovich & 
Dickerson 2004, Keane et al. 2012, Bower & Aitken 2008, Burns et al. 2008).  Seed zone maps 
also target genetically distinct populations for blister rust resistance breeding programs in the 
United States and Canada.    
Whitebark pine likely diverged from its closest relative, the Asian species Chinese white 
pine (Pinus armandii Franch.), within the previous ten million years of the Neogene (Axelrod 
1986, Hao et al. 2015).  The fossil record of whitebark pine is sparsely represented, dating to the 
late Quaternary at the earliest, with a fossil distribution largely restricted to the central to 
northern Rocky Mountains.  Baker (1990) examined fossil as well as palynological data of 
whitebark pine in this region, focusing on the Greater Yellowstone Ecosystem.  The results of his 
research point to evidence that whitebark pine occurred in Yellowstone at least 100 kya, well 
before the Last Glacial Maximum ca. 21 kya.  Late glacial (15-10 kya) pollen records suggest 
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that whitebark pine was the first plant species to dominate locally barren habitats when the 
glaciers receded.   
Previous studies have addressed the effects of wind-dispersed pollen and bird-dispersed 
seed on whitebark pine gene flow.  Richardson and colleagues (2002) used maternally inherited 
mtDNA, as well as paternally inherited cpDNA (a feature of conifers), to study the genetic 
structure of whitebark pine.  Measures of genetic distance across populations, and compared 
between these two organellar genomes, can reveal whether pollen or seed dominates 
interpopulation gene flow.  Those populations for which both cpSSR and mtDNA were analyzed 
indeed showed distinct patterns of genetic variation for each organellar source of molecular 
markers.  The mtDNA haplotypes clustered strongly in distinct regions, showing a lack of 
mixing across nutcracker population “contact zones.”  These data as well as those from further 
studies on Clark’s Nutcracker seed caching behavior (Tomback 1977, Vander Wall & Balda 
1981) suggest that interpopulation seed caching flights are rare; rather, nutcrackers deposit seed 
within a region defined by clear boundaries that show significant territory-related barriers to 
dispersal.  The mtDNA haplotype data was also consistent with the distance of nutcracker seed 
caching flights versus those distances traversed by wind-facilitated pollen.  While nutcrackers 
maximally reach 22 km in a given seed caching flight (Vander Wall and Balda 1981), studies 
have measured the scale of dispersal distance of airborne pine pollen to be greater than that for 
dispersed seeds.  Therefore, the gene flow in whitebark pine is dominated by wind-dispersed 
pollen, which leads to high genetic variation within the species (Bower 2011a, Richardson et al. 
2002).  
Previous phylogeographic studies on whitebark pine have investigated the origin of the 
disjunct distribution of the species between coastal and inland subalpine forests.  Carstens and 
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colleagues (2005) tested among six taxa, including whitebark pine, alternative hypotheses 
describing the disjunction event: (1) ancient vicariance associated with the coastal mountains 
uplift and dry Columbia Basin formation, (2) recent Pleistocene dispersal of the species from 
coastal mesic forests to inland mesic forests, or (3) Pleistocene dispersal from inland to coastal 
mesic forests.  Plant and animal taxa included in the study showed mixed results.  Based on 
genetic markers developed by Richardson et al. (2002), there was some support for westward 
migration across the Columbia Basin leading to recent colonization of coastal mountain ranges.   
Using cpDNA microsatellites and mtDNA introns, Richardson and colleagues (2002) 
concluded that, after the Last Glacial Maximum, whitebark pine had expanded from three areas 
within the United States.  The locations of these refuges included the Cascades of Oregon and 
Washington, western Idaho, and the Greater Yellowstone Ecosystem of Wyoming.  Furthermore, 
by rooting the mtDNA haplotype tree with the closely related limber pine (Pinus flexilis James), 
it was suggested that populations expanding northward into Canada had originated west of the 
Bitterroot Mountains of Idaho.  Progressing past the drier Columbia River basin, the 
physiography of the region presumably guided the colonization route into both western and 
eastern mountain ranges of Canada coincident with recession of the Cordilleran ice sheet.    
The ecological characteristics of whitebark pine, including high cold tolerance, ability to 
colonize raw soils, and bird-mediated dispersal, suggest that the species had a spatially complex 
phylogeographic history within the cold climates of the Last Glacial Maximum (Shafer et al. 
2010).  Since glacial expanses over western North America largely overlap with the current 
geographical distribution of whitebark pine (Pierce 2003), the species would have been largely 
displaced at the Last Glacial Maximum.  Potentially as a result of the regional physiographic and 
climatic complexity characterizing western North America, in conjunction with whitebark pine 
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ecology, only Canadian populations of the species have so far supported a pattern of genetic 
isolation by distance (Krakowski et al. 2003).  Since the modern whitebark pine range extending 
into Canada was glaciated, genetic patterns may correlate more strongly with geography at this 
northern extent of the species distribution.  Nonetheless, many previous studies support evidence 
of genetic isolation by distance in pines (Cuenca et al. 2003, Parchman et al. 2011, Epperson & 
Gi 2001), suggesting that recent gene flow dominated by wind-mediated pollen does not always 
undermine detection of isolation by distance.          
Earlier studies on the population genetics of whitebark pine have largely relied on 
allozymes as molecular markers and, although providing low genetic resolution, have 
contributed to our understanding of the species genetic diversity and structure (reviewed in 
Bower et al. 2011a).  Based on these studies, whitebark pine has low among-population genetic 
differentiation and high within-population genetic diversity, both common characteristics of 
broadly distributed, wind-dispersed species of the Pinaceae family (Bruederle et al. 1998, 
Hamrick et al. 1994).  More recently, Mahalovich and Hipkins (2011) investigated the genetic 
diversity and structure of those populations of whitebark pine located in the United States Rocky 
Mountains and Great Basin. Using mtDNA, isozymes, and cpDNA, their results suggested that 
Nevada populations could be genetically distinct from those in the Rocky Mountains, based on 
higher Fst values, as well as positioning in principal component analyses (PCAs), cluster 
diagrams, and phenograms (Mahalovich & Hipkins 2011).   With regards to overall genetic 
structure of the species, however, findings by Mahalovich & Hipkins, Jorgensen & Hamrick 
(1997), and Richardson et al. (2002) show little population structure across the species range. 
Phylogeographic research is undergoing an unprecedented transition to multilocus 
sequencing technologies that have the potential to resolve former methodical issues associated 
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with phylogeography studies in plants.  As compared to related studies on animal species, 
understanding genetic relationships in plants has been hindered by genomic recombination and a 
lack of sufficient genetic variation (Schaal et al. 1998, Schaal and Olsen 2000).  Genome-wide 
sequencing for genetic marker development can resolve these issues, as well as biases of 
demography and natural selection associated with studies based on fewer markers (McCormick 
et al. 2012).  In restriction digest-based methods, such as genotyping-by-sequencing (GBS), 
nucleotides surrounding restriction enzyme cut sites are sequenced to capture local single 
nucleotide polymorphism (SNP) data across the genome (Elshire et al. 2011).  Subsequent 
analytical protocols can be performed without genomic resources as references, closing the gap 
on what is capable for nonmodel systems.  The amount and quality of SNP data produced by 
GBS is revealing higher levels of phylogeographic resolution than had been previously capable 
via allozymes, or mitochondrial and chloroplast genomes for many species (Emerson et al. 2010, 
Elshire et al. 2011).  Several promising, large-scale SNP surveys have revealed fine-scale 
population history, for example in humans (Shriver et al. 2004), honeybees (Whitfield et al. 
2006), pitcher plant mosquitoes (Emerson et al. 2010), and crop varieties (Rabbi et al. 2015).  
In this chapter, we investigate the genetic structure and genetic diversity across the 
geographic distribution of whitebark pine, an analysis which has broad applicability to the 
species conservation of genetic resources.  With a large set of genome-wide SNP markers 
revealing recent evolutionary history, we employed tools expected to provide greater resolution 
of the species’ genetic structure.  A primary goal of this chapter was therefore to test the utility 
of restriction digest-based applications for phylogeography and population genetic analyses, for 
the large genome (32 Gb) represented by whitebark pine.  Taking into account whitebark pine 
life history and previous phylogeography studies on the species, we tested the following 
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hypotheses: (1) Sequence-based genotyping technologies can reveal patterns of genetic 
differentiation in whitebark pine that reflect the species’ life history.  (2) Consistent with the 
northern extent of the whitebark pine distribution, the species shows a pattern of genetic isolation 
by distance across the entire species range.  (3) Genetic signatures of whitebark pine glacial 
refugia and post glacial migration may be traced with respect to the landscape topography and 
climatic history of northwestern North America.  
 
4.3 Materials and Methods 
4.3.1. Tissue collection and DNA extraction 
 Juvenile pine needles were collected from 6-8 individuals per population, from the 
localities shown in Figure 1 (see Table 1 for population geographic coordinates and further 
information).  Collection sites spanned the range of whitebark pine, and were made available 
with the help of United States and Canadian Forest Service staff members.  Collections for a 
majority of populations were made at the Coeur d’Alene Nursery (Coeur d’Alene, Idaho), the 
Dorena Genetic Resource Center (Cottage Grove, Oregon), the Cowichan Lake Research Station 
(British Columbia, Canada), and the Alberta Tree Improvement & Seed Centre (Alberta, 
Canada).  Federal programs of Canada and the United States, from which these samples were 
collected, are analyzing whitebark pine resistance to the pathogen white pine blister rust.  
Therefore, a majority of populations were chosen based on these program guidelines or, in the 
case of remaining populations, based on population accessibility.    
For DNA extraction from tissues, we used a combination of protocols (Soltis & Soltis 
2002, Untergasser 2008, Cullings 1992, Doyle & Doyle 1987).  Silica-dried plant tissue (40-50 
mg) was ground in liquid nitrogen followed by the immediate addition of 700 μL CTAB 
  
117 
    
solution, before tissue thawing (see Soltis 2002 for CTAB recipe).  Samples were vortexed, 
treated in a warm 65° C bath for 2 hours, then spun down at maximum speed for 10 minutes.  
Isopropanol (500 μL) was added and samples were stored overnight at -20° C (modification of 
Untergasser 2008, step 14).  After 15 hours (the following morning), samples were spun down 
for 15 minutes and the supernatant discarded.  The product was then washed in 600 μL chilled 
70% ethanol, and the samples were spun for 5 minutes before the supernatant was again 
discarded.   This step was then repeated with 600 μL of chilled 95% ethanol.  Pellets were dried 
in a fume hood for 1.5-2.5 hours before resuspension in 125 μL Milli-Q water, followed by 
dissolution overnight (Cullingham 2011).  DNA was quantified by both the intercalated dye 
ethidium bromide and a fluorometric quantifier (Qubit, Thermo Fisher Scientific).  DNA was 
then either concentrated or diluted to 50-100 ng/μL for further library preparation. 
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Fig. 1.  Locations across northwestern North America (lower Canada and upper United States), 
where whitebark pine tissue was sampled for data analysis.  Populations included in the study are 
denoted by red triangles (and see Table 1 for further population details).  The geographic 
distribution of whitebark pine is represented in light yellow. 
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Table 1.  Population names, as used in the study, and their locality information.  Latitude (Lat) 
and longitude (Long) geographic coordinates were incorporated into genetic isolation by distance 
analyses.   N=number of DNA samples sequenced, and n=number of samples passing strict 
genotype-specific and sample-specific filtering and used for hypothesis testing. 
Population General Locality Information Lat Long N n 
Crater Lake  Crater Lake National Park 42.93 -122.17 8 8 
Mount Rainier  Mount Rainier National Park 46.91 -121.64 7 7 
Umatilla  Umatilla National Forest 44.72 -118.58 8 8 
Glacier  Glacier National Park 48.64 -113.44 8 8 
Lassen Volcanic  Lassen Volcanic National Park 40.50 -121.50 8 8 
Grand Teton  Grand Teton National Park 43.67 -110.80 8 8 
Vipond Park Beaverhead-Deerlodge National Forest 45.71 -112.90 8 8 
Little Joe Lolo National Forest 44.15 -115.25 8 8 
Napa Sunset Flathead National Forest 47.33 -113.71 8 8 
Deadline Bridger-Teton National Forest 42.39 -110.48 8 7 
Deschutes Deschutes National Forest 43.82 -121.87 8 8 
Gifford Pinchot Gifford Pinchot National Forest 46.16 -121.52 8 8 
Mount Hood Mount Hood National Forest 45.34 -121.68 8 8 
Okanogan Okanogan National Forest 48.53 -119.94 8 8 
Warm Springs Warm Springs Reservation 44.66 -121.69 8 8 
Colville Colville National Forest 48.71 -118.47 8 8 
Wenatchee Wenatchee National Forest 47.89 -120.34 8 8 
Olympic Olympic National Park 47.81 -123.14 8 8 
Smithers North of Mt. Forster 54.53 -127.18 8 8 
Mount Stevens Near Top of the World Provincial Park 49.84 -115.57 6 6 
Jesmond Near Marble Range Provincial Park 51.31 -121.92 6 4 
McBridePeak Near Sunbeem Creek Ecological Reserve 53.34 -120.12 6 6 
Cataract East of Mt. Farquhar 50.24 -114.64 8 6 
Prairie Bluff Near Bob Creek Wildland 49.73 -114.53 8 7 
Tom Beal Clearwater National Forest 46.45 -114.73 8 8 
Humboldt Humboldt-Toiyabe National Forest 41.03 -115.08 7  3 
Warner Modoc National Forest 41.48 -120.23 7 7 
Goosenest Klamath National Forest 41.72 -122.22 8 4 
Mono Basin East of Yosemite National Park 37.98 -119.18 8 3 
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4.3.2 Library preparation and sequencing  
Additional steps in library preparation and sequencing were performed in the Genomics 
Facility of the Cornell University Institute of Biotechnology in Ithaca, New York.  Steps 
performed at Cornell are presented in Figure 2 and available in Elshire et al. 2011.  The 
restriction enzyme EcoT22I (New England Biolabs, Ipswitch, MA) was chosen for the restriction 
enzyme digest (Figure 2, part B) based on its expected cutting frequency.  Since EcoT22I is a 6-
base cutter, it cuts more frequently than 7-base or 8-base cutters (such as SbfI) which is 
important, given the large 32-Gb genome size of whitebark pine.  For analyzing large and 
complex conifer genomes, enzymes that cut less frequently will provide higher sequencing 
coverage, at the cost of producing fewer SNPs (Chen et al. 2013).  Coverage is especially 
important in high diversity species such as whitebark pine, because heterozygotes will be called 
more reliably and not considered an artifact of sequencing error. We also chose EcoT22I as the 
restriction enzyme, given its relatively superior performance in lodgepole pine analyses (Sharon 
Mitchell, personal communication).  The DNA digest with EcoT22I is a 2-hour long process at 
75° C.  
Enzyme digestion was performed on common adaptors, sample-specific adapters, and the 
DNA, after these components are mixed together in the wells of 96-well PCR plates.  Sample-
specific ligators, or barcodes, allow for detection of samples in subsequent genotyping analyses, 
after sequencing.  The barcodes and common adaptors were designed to preclude sequences 
recognized by the EcoT22I enzyme.  All barcodes differ by at least three nucleotides to prevent 
their misclassification as sequencing error or poor adaptor synthesis.  All adaptors were then 
quantified using the intercalated dye PicoGreen (Invitrogen, Carlsbad, CA), mixed 
proportionately, and then 6 μL added to a 96-well PCR plate, which was then dried.  DNA (equal 
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amount per sample and up to 100 ng) was then added to the plate wells containing adaptors, 
followed by plate drying.  For the first 47 DNA samples (Plate 1), each DNA sample was 
represented by 2 plate wells.  For the remainder of DNA plate samples, each sample was 
represented by a single plate well.  This was a result of processing the material at two distinct 
times, with the first batch (the first 47 individuals) representing a “pilot run.”  
Directly following enzyme digest, adapters are ligated by adding ligate buffer, ATP, and 
T4 ligase (New England Biolabs) to each well (Figure 2, Part C).  For 1 hour, samples were 
incubated at 22 °C and then heated to initiate inactivation of the T4 ligase.  DNA samples, with 
their sample-specific adapters, were then pooled (Figure 2, part D) and purified using the 
QIAquick PCR Purification Kit (Qiagen, Valencia, CA).  A specialized polymerase chain 
reaction (PCR) step, called bridge amplification, then amplifies fragments and binds the products 
to oligonucleotide-coated flow cells for the following Illumina sequencing (Figure 2, Part D.  
Resulting libraries were tested for suitability, based on the excess presence of adapter dimers 
(over 0.5%).  Single-end sequencing (86 bp reads) was then performed on a 48-plex library per 
flowcell lane, for the first 47 samples (Plate 1).  The remainder of samples (Plates 2-4) were 
performed at 96-plex per flowcell lane, but were importantly sequenced twice, in order to 
simulate the plex level of the first 47 individuals.  Libraries were sequenced on a Genome 
Analyzer II (Illumina, Inc., San Diego, CA).  Details on the chemistry behind the sequencing 
process are available at Bentley et al. 2008.  
 
4.3.3 Filtering reads and genotyping 
 The Universal Network-Enabled Analysis Toolkit (UNEAK) pipeline of TASSEL 5.0, 
developed by Lu et al. (2013) provides a way to call genotypes from sequence data, using a 
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pseudo-reference genome (Fig. 3).  While a transcriptome is available for whitebark pine, we 
found that 0.12% of the sequence reads aligned to the transcriptome, resulting in the loss of the  
vast majority of reads for further analysis.  The UNEAK pipeline assembles those reads with the 
most reliable genotype calls in order to create the pseudo-reference genome.  UNEAK first 
accepted Fastq reads (Fig. 3, Part A); since the ends of sequence have enriched sequencing error, 
reads were trimmed to 64 bp and identical reads merged to create “tags” (Fig. 3, Part B).  Tags 
were analyzed pairwise and retained if mismatching at only 1 bp, with the locations of base pair 
mismatches representing candidate SNPs (Fig. 3, Part C).  Complex pairwise networks were 
formed in this step, resulting from genome complexity.  Using a network filtering threshold, 
convoluted networks were discarded as tags representing repetitive genomic areas, paralogs, and 
sequencing error (set at a default of 3% based on the analysis of Lu et al. 2013).  Retained tags 
were padded with 1,000 bp and aligned to create a pseudo reference genome (Fig. 3, Part D).  By 
comparing sequence data for each sample to the reference genome, SNP calling (genotyping) is 
performed for each sample (Fig. 3, Part E).  Default parameters were used for sample-specific 
tag filtering associated with high heterozygosity associated with sequencing error, including a 
minimum inbreeding coefficient of -2.0.  We also implemented a minimum minor allele count of 
10 samples (3% of samples) and minimum locus count of 33 samples (10%).  Accepted allele 
frequency was  set at a stringent criterion of  >0.1 in order to further remove SNP calls resulting 
from sequencing error. 
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Fig. 2.  Library preparation and sequencing, the initial procedures of genotype-by-sequencing 
(GBS), to gather genome-wide molecular markers.  Figure modified from Davey et al. 2011. (A) 
The original strands of DNA to be cut at restriction enzyme cut sites (red cuts).  Sample 2 has a 
variation in the cut site at 1,300 bases, so this site will not be successfully cut.  (B) The 
restriction enzyme digest with EcoT22I is performed on the combination of barcodes, common 
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adaptors, and DNA. (C) Adapter ligation is added to the mix, to ligate sample-specific adaptors, 
denoted as yellow for sample 1 and purple for sample 2.  Common adaptors (grey) are also 
ligated.  (D) Fragments are pooled, since they have sample-specific recognition after barcoding.  
(E) Only those fragments with sample-specific and common adaptors are amplified through 
PCR.  (F) Sequences surrounding cut sites are produced by the Genome Analyzer II, and later 
filtered and analyzed.  Since sample 2 was not cut at the 1,300 bp restriction site, its flanking 
sequences were not amplified.  Much of the GBS data is also filtered during PCR amplification 
(unfilled sequences at pseudo genome positions 700 and 2,000), either because a given fragment 
did not have both sample-specific and common adaptors or because it was too long (hence the 
lack of sequencing between 2,000 and 3,100 bp).  Steps involved in subsequent filtering and 
analysis are explained in Figure 3.     
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Fig. 3. A simplified version of steps associated with SNP calling, using the UNEAK pipeline (Lu 
et al. 2013). (A.) The pipeline input consists of Fastq or Qseq files, which are first trimmed to 64 
bp. (B.) Identical sequence reads are classified as tags, and merged together.  (C.) Tags are 
compared pairwise.  A topology of tag networks is created, to keep those tags differing at only 1 
base pair.  (D) Retained tags are padded and aligned to create a pseudo reference genome for 
analyzing tags for each sample.  Since the determination of reliable tags was based on the pooled 
dataset, the pseudo reference genome is a way to determine reliable tags across the entire dataset.  
(E) Genotype calls (SNPs) are derived from the base pair where tags differed.   
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4.3.4. Further genotype filtering  
We used packages in R v.3.2.1 to further filter and analyze data (R Core Team 2013).  
The proportion of SNPs called from six populations (first 6 populations listed in Table 1), which 
represented the initial “pilot plate,” was far superior to the remaining populations, for unknown 
and intractable library prep-related issues.  Therefore, certain allele frequency-based analyses 
were performed on these six populations alone.  From the genotype table imported from 
TASSEL, we filtered missing data in the package poppr (Kamvar et al. 2014) according to the 
methods of Kamvar & Grunwald (2016).  Missing data were incrementally filtered across 
individuals and across loci to 20% and 10% missing data.  Observed and expected levels of 
heterozygosity were also evaluated in the package poppr. 
Filtering excessively heterozygous loci, more than expected based on Hardy-Weinberg 
equilibrium, is a standard quality control practice to detect faulty SNP calls based on genotyping 
artifacts, such as sequencing error, or contamination (Teo 2008, Turner et al. 2011).  Since the 
Wahlund effect causes heterozygosity deficit (Johnson & Black 1984) rather than heterozygote 
excess, this filtering method does not affect subsequent population structure analyses.  Therefore, 
in the UNEAK pipeline, we set a minimum inbreeding coefficient (FIS = 1-HO/HE) to -2.0 to 
account for excessively heterozygous loci deviating from Hardy-Weinberg.  As a second check 
in the program R, after completion of the UNEAK pipeline, we analyzed departure from Hardy-
Weinberg equilibrium using the package Hardy Weinberg (Graffelman 2015), based on a chi 
square test (p<0.0001).  We permuted 50 times across the dataset to account for missing data.  
We did not detect SNPs that were significantly more heterozygous than expected in this second 
assessment, after having implemented the first filtering based on excess heterozygosity in the 
UNEAK pipeline.   
  
127 
    
For the remaining 23 populations, samples were pooled for each population, in order to 
deal with a high proportion of missing data values.  Pooling was performed in the base package 
of R (R Core Team 2013) by randomly sampling across all individuals within each population 
one of three possible genotypes (ie. AA, AB, or BB), ignoring missing data values.  Missing data 
was then filtered to both 10% and 7.5% for the 23 populations, again following the methods of 
Kamvar & Grunwald (2016), at which point the population Mono Basin of Nevada was removed 
from further analyses, resulting in a total of 22 populations.  In order to maximize the number of 
populations and loci that could be retained through missing data filtering, we excluded the 
former six populations of higher quality genetic data from this larger data set.  
 
4.3.5 Hypothesis testing 
We assessed genetic variation partitioning through a hierarchical analysis of molecular 
variance (AMOVA) (Excoffier et al. 1992) within the R package poppr.  AMOVA partitions 
variation based on genetic divergence, which can assess genetic variation without making 
assumptions based on Hardy-Weinberg equilibrium.  For the six populations of unpooled data, 
we examined the amount of significant variation and calculated associated phi-statistics across 
three scales: within samples, among samples within populations, and among populations.  In 
order to test whether differentiation among populations was significant, we randomly permuted 
the samples as described in Excoffier et al. (1992), using the ade4 package in R (Dray & Dufour 
2007).  Samples were permuted 1000 times, and significance tested with a p-value <0.05.  From 
this permutation, we produced histograms representing the null distribution of no population 
structure, relative to the observed data.   
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Complementing the AMOVA, the degree of genetic differentiation among the smaller set 
of 6 populations was determined by Nei’s pairwise Fst (Nei 1987), calculated using the adegenet 
package in R (Jombart 2008).  Fst is an allele frequency-based measure of partitioning of genetic 
variance, based on deviations from Hardy-Weinberg expectations of panmixis.  The guidelines of 
Wright (Wright 1965, Wright 1978), were used to guide the interpretation of values, with Fst=0-
0.05 suggesting little population differentiation, 0.05-0.15 suggesting moderate differentiation, 
0.15-0.25 indicating strong differentiation, and a value >0.25 signifying very strong 
differentiation.  Since the larger set of 22 populations comprised pooled allele frequency data, we 
did not calculate phi-statistics or Fst values across them.   
Population genetic structure was evaluated through the program STRUCTURE v. 2.3.4 
(Pritchard et al. 2000).  STRUCTURE is a Bayesian clustering program that uses multi-locus 
genotype data to calculate the likelihood of forming “K” number of genetic clusters from the 
samples.  Assignment is based on the theory that individuals within a population follow the 
assumptions of Hardy-Weinberg equilibrium.  The program was implemented with the 
assumption of admixture, and without a priori population assignment.  As recommended by the 
software developers (Pritchard & Wen 2003), we set the burn-in for the first 20,000 iterations, 
with the MCMC (Markov chain Monte Carlo) at 20,000 (additional) iterations.  Twenty 
simulations were run for each K, in order to determine model variance at each cluster value.  We 
tested the range of possible K clusters from 1 to 9, the later value representing the number of 
geographically-determined populations, plus three.  Statistics used to select the most likely K 
value are described by Evanno et al. (2005) and were implemented in Structure Harvester (Dent 
& von Holdt 2012).  This procedure of choosing K is based on the variance of the maximum 
likelihood estimation of the model, given each k value.  Delta K, an ad hoc statistic that can be 
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used to determine the optimal number of genetic clusters, is calculated as ΔK = mean (|Ln''(K)|)/ 
Stdev (Ln(K) ) (see Evanno et al. 2005 for details). 
Tests of isolation by distance were performed on the larger, pooled dataset of 22 
populations.  Since most population locations were represented by only a single latitude and 
longitude rather than coordinates attributed to each individual, sampling limitation prevented the 
test of isolation by distance for the smaller dataset of 6 populations.  To test isolation by 
distance, we performed a Mantel test (Mantel 1967) in the R package ade4.  Data incorporated 
into the comparison included a matrix of pairwise genetic distances, and geographic distances 
based on latitude and longitude coordinates of each population (Table 1).  Genetic distances, 
calculated in in the R package adegenet (Jombart 2008), included those of Nei (1972), Roger 
(1972), Edwards (1971), and Reynolds et al. (1983). Spearman’s Rank Correlation Coefficient 
and p-values were calculated to determine the significance of the relationship between the 
matrices. 
Since the calculation of genetic distance does not take into consideration correlated allele 
frequencies across loci, we performed an additional test of isolation by distance using 
multivariate statistics.  Principal component analysis (PCA) was used to estimate genetic 
distances among populations, which were then considered with respect to latitudinal and 
longitudinal geographic gradients.  Missing data were substituted with mean values across the 
allele frequencies, and the PCA was conducted on the locus allele frequencies as multivariate 
variables, using the ade4 package of R (Dray & Dufour 2007).  We examined the relationship 
between the first principal component and latitude, or longitude, using an ordinary linear model 
implemented in the R stats package (R Core Team 2013), following the statistical methods of 
Chambers (1992).  We again calculated Spearman’s Rank Correlation Coefficient and p-values 
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to determine the significance of the relationship between the first principal component and 
geographic coordinates.  A PCA following these methods was performed on both the larger set 
of 22 populations and the smaller set of 6 populations. 
 
4.4 Results 
4.4.1 Genotype-by-sequencing data summary 
 Sequencing resulted in an average of 4.9 million quality-barcoded DNA sequence reads 
per individual sample (Figure 4), implementing two sequence runs per plate (48-plex 
sequencing).  Sample read count numbers varied irrespective of population identities.  An 
average of 0.7 million reads per individual were mapped to the pseudo reference genome 
implemented in the UNEAK pipeline (Figure 5).  Samples with high total read counts tended to 
have elevated read numbers mapping to the pseudo reference genome.  Approximately 35% of 
total Illumina sequence reads for all samples mapped to the reference.  We found that most 
individuals with less than 1 million reads, or less than 0.2 million reads mapping to the pseudo 
reference, were omitted in subsequent filtering steps, likely from faulty SNP calls or missing data 
issues associated with low coverage.   
The objective of genotype-by-sequencing is to discover a vast quantity of potential SNPs 
(loci), which are heavily filtered, but with a large number of genome-wide SNP markers 
ultimately retained for further analyses (Elshire et al. 2011, Lu et al. 2013).  Non-reference 
genome-based methods require extensive culling of potential loci, in order to remove less 
reliable genotypes, and those with as high as 90% missing data across individuals.  Ultimately, 
we retrieved 343,267 potential SNPs from the UNEAK pipeline.  Since probabilistic genotyping 
approaches are based on sequence read counts and allele frequencies across the data set, SNP 
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numbers varied depending on those individuals incorporated into the UNEAK pipeline.  The 
superior genotyping quality of the six populations, relative to the remaining 22, was determined 
by the large difference between these two datasets in percent missing data across the 343,267 
loci.  
After filtering based on a minimum allele frequency of 0.1 and to 20% missing data for 
the 6 populations, we retrieved 3,735 SNPs on which we based further hypothesis testing.  
Filtering this dataset to 10% missing data retained 2,040 SNPs and the population-wide sample 
numbers (n) in Table 1.  Congruence among PCA results was found for as few as 500 SNPs 
(after filtering to ~1% missing data), but with biologically meaningful relationships as 
determined by a PCA becoming increasingly ambiguous with fewer than 1000 loci.  Related to 
this, we found the results of phylogeographic and population genetic analyses to be similar, 
whether we performed tests on the dataset with 10% or 20% missing data.  Across the larger 
dataset of 22 populations of pooled data, 6,129 SNPs were retained after filtering to 10% missing 
data.  In order to increase data quality, we filtered the pooled dataset to 7.5% missing data and 
tested hypotheses on the remaining 4,475 SNPs.  Sample numbers (n) in Table 1 represents the 
final number of individuals pooled into population genotypes for the larger dataset of 22 
populations.    
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Fig. 4.  Number of Illumina sequence reads, with high quality barcodes per individual sample.  
Reads having missing data or nucleotide changes in barcodes were omitted from further steps of 
the UNEAK pipeline.   
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Fig. 5. Once implemented in the UNEAK pipeline, the number of Illumina sequence reads per 
individual that mapped to the pseudo reference genome.    
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4.4.2 Whitebark pine among-population genetic differentiation and variation  
 Examination of the genetic variance partitioning by AMOVA for the six populations 
(Table 2) indicated that although most of the variation (77%) was found within populations, a 
significant proportion (P<0.05, tested with 1000 random data permutations) was attributable to 
differences among populations. The Ф statistic of 0.05 measured for among population variation 
was similar to the Fst value of 0.06, and both were consistent with measures in previous studies 
(Bower et al. 2011a).  Random permutations of the data showed that AMOVA-based partitioning 
of genetic variance was significant at all hierarchical levels (Fig. 6).   
Higher F-statistic values, particularly high for Fis and Fit relative to Фis and Фit, may be 
attributed to the maladaptation of probabilistic genotype-by-sequencing approaches for reliable 
measures of heterozygosity (Nielsen et al. 2011).  If Fis is elevated, this suggests excess within 
population homozygosity relative to HWE, which would occur by undercalling heterozygotes.  
Related to this, traditional population statistics of genetic diversity, such as heterozygosity and 
allelic diversity, were not found to be applicable with genotype-by-sequencing methods for this 
study.  Current genotyping pipelines, such as UNEAK and TASSEL (Elshire et al. 2011, Lu et 
al. 2013) determine probability-based SNP calls across loci for individuals having varying levels 
of sequence coverage.  Since locus reliability, as determined by the UNEAK pipeline, is based 
on probabilistic measures across all samples, heterozygote undercalling may result for those loci 
of certain individuals having lower sequence coverage (Nielsen et al. 2011).  Our data were 
consistent with the tendency to undercall heterozygotes, calculated by the large and positive 
difference between expected and observed heterozygosity (Figure 7) (Nielsen et al. 2011).   
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4.4.3 Genetic isolation-by-distance across the range of whitebark pine 
A significant pattern of genetic isolation by distance was found across the larger dataset 
of 22 populations, with respect to both latitude and longitude (Figs. 8 and 9).  Latitude and 
longitude were significantly correlated with principal component 1 (p<0.001).  A Mantel test, 
based on four genetic distance measures as they related to geographical coordinates, showed 
partial support for genetic isolation by distance (Table 3).  Only longitude was significantly 
correlated (p<0.05) for Nei’s and Roger’s measures of genetic distance, with Pearson’s 
correlation coefficients suggesting lower correlation between genetic relationships and 
geography than that suggested based on principal components.   
 
 
 
 
Table 2. Results of performing an AMOVA at three hierarchical levels of genetic partitioning.  F 
statistics, allele frequency-based analogs to Ф statistics, were calculated for comparison.  df= 
degrees of freedom. 
Level of 
hierarchical 
variation 
df % variance explained p-value Ф statistic F statistics 
Among populations 5 5.07 <0.05 0.05 (Фst) 0.06 (Fst) 
Among samples 
within populations 
34 18.37 <0.05 0.19 (Фis) 0.4 (Fis) 
Within samples 40 76.56 <0.05 0.23 (Фit) 0.4 (Fit) 
Total 79 100    
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Fig. 6.  Significance testing of AMOVA, showing observed partitioning of genetic variation at 
three hierarchical levels: among populations (top), among samples within populations (middle), 
and within samples (bottom).  The observed data is represented by the black line capped by a 
diamond, while the distribution of variances for the randomly permuted data (1000 permutations) 
is represented by the shaded histogram.  In all three cases, the tested data is substantially distinct 
from the random distribution of permutations. 
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Fig. 7. Excess observed homozygosity across loci representing the 6 populations of unpooled 
data.   
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Fig. 8. The significant relationship between latitudes of sampled whitebark pine locations and 
principal component 1 of the genetic principal component analysis.  Pearson’s correlation 
coefficient (R2) = 0.688 with p < 0.001.  In red is the trendline of a linear model regression, with 
intercept = -192.4 and slope = 4.1.   
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Fig. 9. The significant relationship between longitudes of sampled whitebark pine locations and 
principal component 1 of the genetic principal component analysis.  Pearson’s correlation 
coefficient (R2) = 0.595 with p < 0.001.  In red is the trendline of a linear model regression, with 
intercept = -374.68 and slope = -3.16.   
 
 
 
 
  
140 
    
Source of genetic distance 
in Mantel Test 
Longitude Latitude 
Longitude and 
latitude 
R2 R2 R2 
Nei, M. (1972) 0.191*** 0.041 0.088 
Rogers, J.S. (1972) 0.238*** 0.013 0.158 
Edwards, A.W.F. (1971) 0.176 0.058 0.067 
Reynolds, J.B. et al. (1983) 0.076 0.104 0.03 
*** p < 0.05 
Table 3. Results of the Mantel test (Mantel 1967), to assess the correlation between matrices of 
pairwise genetic distances and geographic coordinates for the 22 populations of pooled data.   
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4.4.4 Regional genetic differentiation explained by locations of past glacial refugia 
 Tests of population structure, across the unpooled dataset of six populations show 
significant genetic partitioning among the geographically-defined groups, based on Bayesian 
population assignment and Hardy-Weinberg theory (Fig. 10).  Results of the STRUCTURE 
analysis suggest that model variance was most stable when assuming three genetic clusters, as 
determined by the value of delta K (Fig. 11 and Table 4).  Standard deviations of log likelihood 
values were substantially higher for values of K higher than 6 (Table 4), suggesting less model 
stability for numbers greater than the true number of geographically-defined populations.  
Population assignment analysis of each individual resulted in the genetic grouping of Crater 
(Crater Lake National Park), Glacier (Glacier National Park), Rainier (Mount Rainier National 
Park), and Umatilla (Umatilla National Forest) (Fig. 10).  Teton (Grand Teton National Park) 
appeared the most genetically isolated.  Individuals occurring in Lassen National Park showed 
some low assignment probabilities to the larger group containing Crater, Glacier, Rainier, and 
Umatilla.  This genetic partitioning was congruent with the presentation of genetically similar 
groups as determined by principal component analysis (PCA) (Figure 12). 
   Based on the four genetic distance measures, we found Nei’s genetic distance (1972) 
and Reynolds et al. (1983) to provide greater measurement sensitivity inferred by their larger 
range of distance values calculated pairwise across populations.  For the six populations of 
unpooled data, Nei’s genetic distance ranged from 0.083 to 0.118 (Table 5, lower triangle).  
Likewise, Reynold’s distance ranged from 0.406-0.483 (Table 5, upper triangle).   For both Nei’s 
and Reynold’s measures of genetic distance, Glacier National Park and Umatilla National Forest 
were the least differentiated while Teton National Park and Mount Rainier National Park were 
the most genetically divergent.   
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 Nei’s and Reynold’s genetic distances were also calculated for the larger pooled dataset 
of 22 populations (Table 6), in which case Nei’s ranged from 0.33-0.41 and Reynold’s from 
0.87-0.95.  The higher distance measures, as compared to the unpooled data, were attributed to 
the artifact of data pooling, which has been shown to increase measures of genetic distance 
(Workman et al. 1976).  The most genetically divergent populations were Olympic National 
Park, Little Joe, and Smithers, with pairwise Nei’s and Reynold’s pairwise distances often ≥ 0.40 
and 0.94, respectively.  Olympic and Napa Sunset were considered the most genetically 
divergent populations according to Nei’s genetic distance, while Little Joe and Napa Sunset were 
the least genetically similar according to Reynold’s.  Populations with high genetic affinity 
included Humboldt, Warm Springs, and Goosenest, which most commonly had genetic distance 
values lower than 0.36 (measured by Nei’s) and 0.84 (measured by Reynold’s). 
 The PCA results of the 22 populations (Fig. 13) further presented geographically-
dependent clustering of genetically similar populations, representative of the significant pattern 
of genetic isolation by distance for these data (Figs. 8 and 9.  Populations of the Cascades 
clustered most strongly with Humboldt of northeastern Nevada.  Consistent with a previous 
study (Bower et al. 2011b), Olympic National Park of western Washington was divergent in 
principal component values, as was in particular Smithers of western Canada.  Canadian 
populations clustered most strongly with populations of the Cascades rather than the central to 
northern Rocky Mountains. 
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Fig. 10. (above)  Population assignment based on Bayesian clustering methods for the 
individuals representing the six populations of unpooled genetic data. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. (above) Delta K values, representing model stability, at each number of K clusters.  Data 
provided in Table 2.  Plots based on Evanno et al. (2005) detect the number of K groups that best 
fit the data. 
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Table 4.  Data used to determine the k value at which the model performs best, in order to 
determine the most likely number of genetic clusters of the data.  Delta k = mean (|Ln''(k)|)/ 
Stdev (LnP(k)).  In this case, the model predicted k=3.  For method details, see Evanno et al. 
(2005). 
 
 
 
 
 
 
 
 
 
K Reps Mean LnP(k) Stdev LnP(k) Ln'(k) |Ln''(k)| Delta k 
1 20 -124015.165000 20.700147 — — — 
2 20 -122234.880000 225.880272 1780.285000 78.880000 0.349212 
3 20 -120375.715000 154.406150 1859.165000 1818.430000 11.776927 
4 20 -120334.980000 1515.541357 40.735000 848.935000 0.560153 
5 20 -119445.310000 1043.517622 889.670000 1002.225000 0.960429 
6 20 -119557.865000 1672.847668 -112.555000 618.530000 0.369747 
7 20 -119051.890000 1299.790393 505.975000 337.755000 0.259853 
8 20 -118883.670000 1982.841058 168.220000 4928.675000 2.485663 
9 20 -123644.125000 14232.418824 -4760.455000 — — 
  
145 
    
 
 
Fig. 12.  PCA results for the six populations of unpooled genetic data.   
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  Crater Teton Rainier Umatilla Lassen Glacier 
Crater   0.475 0.448 0.426 0.427 0.428 
Teton 0.115   0.483 0.447 0.460 0.443 
Rainier 0.099 0.118   0.437 0.449 0.432 
Umatilla 0.091 0.099 0.095   0.419 0.406 
Lassen 0.090 0.106 0.100 0.087   0.423 
Glacier 0.093 0.098 0.093 0.083 0.090   
 
Table 5.  Genetic distances among 6 populations.  Lower portion based on Nei’s distance (Nei 
1972) and upper based on Reynold’s (Reynolds et al. 1983).  Crater = Crater Lake NP; Teton = 
Grand Teton; Rainier = Mount Rainier, and the remainder of population names appear as is in 
Table 1. 
 
 
 
 
 
 
 
 
Table 6. (following page).  Genetic distances among 22 populations of pooled data.  Lower 
portion based on Nei’s distance (Nei 1972) and upper based on Reynold’s (Reynolds et al. 
1983).  Genetic distances were presented with two decimal places for ease of reading and 
comparison. 
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Fig. 13. (previous). Results of principle component analysis (PCA) of the 22 populations of 
pooled genotype data.  For methods, see (Dray & Dufour 2007).   
 
4.5 Discussion and Conclusions 
  We found spatially-dependent genetic relationships across the range of whitebark pine, 
with a pattern of genetic isolation by distance supported by multivariate analysis of genetic data.  
Genetic isolation by distance reflects genetic differentiation that arises as a result of limitations 
to gene flow and localized genetic drift (Wright 1946, Slatkin 1993).  Isolation by distance had 
so far been detected across the Canadian portion of the whitebark pine range (Krakowski et al. 
2003), this northern distribution having been established by post-glacial, poleward range 
expansion (Richardson et al. 2002).  That we detected genetic isolation by distance at lower 
latitudes occurring south of the previous Cordilleran ice sheet is particularly interesting, given 
the complex multidirectional patterns predicted to characterize postglacial responses in this 
region.  Furthermore, the significant correlation between genetic variation and geography 
occurred across both latitudinal (R2=0.688, p<0.05) and longitudinal (R2=0.595, p<0.05) 
gradients, despite dry intermountain environments largely dividing the current southern 
distribution of whitebark pine, between the Rocky Mountains and coastal ranges (Fig. 1).  It is 
reasonable to assume that the population Smithers, which has a far northwestern location among 
the populations included in this study (Fig. 1), represents a geographic and genetic outlier within 
an otherwise more continuous pattern of isolation by distance across Canada and the remainder 
of the species range (outlying data point in Figs. 8 and 9).    
 Genetic distance measures, such as Nei’s and Rogers (Table 3) use each locus as an 
independent unit to reduce genetic distances to a single number for each predefined population 
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(Templeton 2006).  Much information is lost in this process, particularly if there are correlations 
across loci, as we may expect for a highly polymorphic species such as whitebark pine (Bower et 
al. 2011a).  In contrast, principal component analysis is of high dimension and does not treat 
population or individual differences through univariate measures but rather assesses 
multidimensional relationships across loci.  The discrepancy of the Mantel test providing only 
partial support for genetic isolation by distance (Table 3) is likely related to the correlated 
structure across loci in our data which was missed by measures of genetic distance.  Especially 
given that allele frequencies were pooled within populations before conducting the Mantel test, a 
univariate genetic distance measure on pooled data would further reduce genetic resolution.     
Long distance seed-caching events by Clark’s nutcrackers promote whitebark pine 
colonization, such as that leading to the species post glacial range expansion into novel upper 
elevation and high latitude environments (Tomback 2001).  Though untested, previous research 
suggests that genetic isolation by distance would be strong in the haploid and maternally-
inherited seed typical of pines (Hu & Ennos 1999, Richardson et al. 2002).  Therefore, a stepping 
stone model of colonization events as explained by Wright and Kimura (Wright 1946, Kimura 
1953) and mediated by the Clark’s nutcracker may be a primary contributor to the creation, and 
potentially maintenance, of whitebark pine genetic isolation by distance.   
Interpopulation genetic exchange is dominated by wind-mediated pollen dispersal in 
whitebark pine (Richardson et al. 2002).   That we detected isolation by distance suggests that 
not all spatially-dependent genetic relationships are erased by high intraspecific gene flow.  
Nevertheless, pollen transfer between receptive individuals is susceptible to high velocity winds 
and powerful storms, which have the potential to carry pollen over 10,000 km (Williams 2010).  
Even a low percentile of the large pollen loads typical for conifers may present a chance for 
  
151 
    
effective gene flow (Williams 2010).  Consistent with these estimates, we detected significantly 
low among-population genetic partitioning within the species (Фst = 0.05, Fst = 0.06).  Among 
population genetic variation explained 5.1% of the species genetic variance, with a much larger 
94.3 % of the variation occurring within populations.  These values are markedly consistent with 
those presented in previous research, across whitebark pine specifically and species within 
Pinaceae more broadly (Bower et al. 2011a, Bruederle et al. 1998).  Given that whitebark pine 
genes are further homogenized by bird-dispersed seed as compared to pines with alternative seed 
dispersal mechanisms, our results are consistent with evidence that whitebark pine population 
differentiation is low even within pines (Bruederle et al. 1998).   
 Previous research shows Clark’s nutcracker seed caches contributing to higher than 
average inbreeding rates within whitebark pine (Jorgensen & Hamrick 1997).  While our results 
are consistent with this prediction (FIS=0.4, FIS=0.4), the interpretation of these F-statistics must 
consider probability-based genotyping which can lead to heterozygote undercalling of low 
coverage loci (Nielsen 2011).  Future studies may avoid this dilemma by increasing sequence 
read depth per locus at the cost of reducing population sampling, or genotyping haploid DNA at 
the cost of analyzing essentially a single-locus genealogy for the species (Chen et al. 2013, Pan 
et al. 2014). 
 A review by Shafer et al. (2010) suggested that future studies should consider the 
complexity of past climate refuges of the western United States and Canada.  Particularly, 
theories should digress from the overly simplistic description of regional glacial refugia being 
southern, coastal, or Beringian in origin.  Instead, hypotheses should stress the more common 
prevalence of refugia within refugia, or multiple refugia occurring within any given refugial 
region.  Furthermore, species showing increased evidence of multiple refuges tended to have 
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efficient dispersal capabilities, high cold tolerances as well as large contemporary geographic 
ranges.  The results of our study are strongly in line with this theory that multiple refugia 
occurred south of the Cordilleran ice sheet, particular for cold tolerant species such as whitebark 
pine.  Genetic affinities among groups of populations within the species are suggestive of 
multiple past lineages once occupying glacial refuges.   
These findings are particularly interesting in light of phylogeographic patterns of the 
Clark’s nutcracker (Dohms & Burg 2013).  As supported by mtDNA markers, the Clark’s 
nutcracker could have expanded from either a single glacial refugium of unknown origin, or 
multiple refugia of high connectivity (Dohms & Burg 2013).  Given the phylogeographic and 
fossil evidence of whitebark pine, and the tree species’ obligate dependence on the Clark’s 
nutcracker for cone dehiscence and seed dispersal, our results suggest that nutcrackers were also 
broadly distributed across connected refugia.   
 Based on the principal component analysis across the 22 populations analyzed here (Fig. 
13), we suggest that whitebark pine in the Humboldt Mountains of northeastern Nevada has 
genetic affinity with those populations located in the northwestern-most extent of the Great 
Basin of northern California and southern Oregon.  Pollen distribution data and macrofossils 
excavated from packrat middens suggest that whitebark pine was more abundant at lower 
elevations across the Great Basin during a time period between 6,000 and 11,000 years ago 
(Minckley et al. 2007, Minckley and Whitlock 2000).  Higher whitebark pine abundance at 
lower elevations of the northwestern Great would have allowed greater continuity among the 
Humboldt Mountains, northeastern California, and southern Oregon.   
 Population assignment of individual whitebark pine samples in conjunction with 
multivariate analysis (Figs. 10 and 12) is consistent with the theories developed by Richardson 
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and colleagues (2002).  Significant population structure that includes Glacier National Park of 
the upper Rocky Mountains, Umatilla National Forest of eastern Oregon, in addition to Crater 
Lake and Mountain Rainier of the Cascades, is a strong indication of historically high genetic 
exchange across the Columbia Basin.  Previous research points to a more continuous corridor 
facilitating gene flow between the Cascade Mountains and upper Rockies (Thompson 1990, 
Charlet 1991, Richardson et al. 2002).  Consistent with this hypothesis, our results suggest that 
whitebark pine occupying Grand Teton National Park was not genetically homogenized with the 
Columbia Basin woodland.  All whitebark pine samples within Teton National Park were 
strongly genetically differentiated from other populations (Figs. 10 and 12),  presenting the 
probable location of a glacial refuge towards the southeastern extent of the species distribution, 
as suggested by previous studies (Mahalovich & Hipkins 2011, Richardson et al. 2002).   
 Our results further point to yet additional glacial refugia across the Pacific coast of North 
America as well as within eastern Washington.  There was strong genetic differentiation of 
whitebark pine populations occurring in Olympic National Park, consistent with previous 
research that suggests many species including whitebark pine may have retreated to Olympic 
during the Pleistocene (Soltis et al. 1997, Bower et al. 2011b).  Likewise, Colville National 
Forest may represent genetically differentiated populations discontinuous with the lower 
elevation woodland occupying the Columbia Basin. As further indicated by principal component 
analysis and Bayesian clustering, Lassen Volcanic National Park is genetically distinguished 
from other populations of the Cascades (Fig. 12).  Whitebark pine populations of this area are 
suggestive of the colloquial “Soltis line” where different haplotypes of many species unite, as a 
result of populations meeting after dispersal from past refugia (Richardson et al. 2002, Soltis et 
al. 1997).   
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There is accumulating evidence of modern anthropogenic climate change impacting the 
geographical distributions of species, consequences which would transpire at the genetic level 
and impact high elevation species differentially (Pauls et al. 2013, Parmesan & Yohe 2003, 
Parmesan 2006, Hampe & Petit 2005).  As a result of threats from climate change, as well as 
pests, pathogens, and fire exclusion currently impacting whitebark pine, range-wide conservation 
and restoration strategies have been established for the species (Keane et al. 2012).  
Understanding whitebark pine genetic variation is important to restoration practices, such as 
species propagation and reintroduction as well as assisted migration, which can unintentionally 
reduce a species overall genetic diversity as well as diminish previously-established local 
adaptation (McKay et al. 2005, Bower et al. 2008).  While we present here evidence of high 
genetic variation within whitebark pine, we show that gene flow has not swamped all genetic 
portioning across the species range.  In particular, there may be some areas of sharper genetic 
differentiation between the southern and northern Cascades, as well as between the upper and 
lower Rocky Mountains.  Therefore, while restoration efforts may enact broadly defined seed 
zones, attention to historic barriers to gene flow are important to future guidelines of seed 
transfer. 
Threatened pine species, with previously high levels of genetic diversity, have been 
impacted by decreased abundance, and distribution fragmentation.  For example, Pinus 
chiapensis, also a white pine and restricted to high elevation lands of Mexico, was subject to 
increasing genetic isolation owing to its heavy exploitation at lower altitudes, resulting in 
population differentiation (Φst = 0.226 and GST = 0.194) that was exceptionally high for a pine 
(Newton et al. 2002).  Similar to the case of Pinus chiapensis, whitebark pine is isolated to high 
elevation environments and is expected to become increasingly threatened by pests, pathogens, 
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climate change, and fire exclusion.  Therefore, the continued monitoring of the species genetic 
variation, in particular as it is impacted by restoration efforts, will be critical to prevent negative 
consequences caused by a species diminished genetic resources.   
Using sequence-based genotyping to explore intraspecific evolution in large-genome 
species is largely untested.  Conifer genomes are not only dramatically complex but lack 
sufficient resources for reference genome-based genetic marker development.  We therefore 
presented here an extreme test case for the non-referenced base UNEAK pipeline to develop 
powerful genome-wide markers to test spatially explicit tests of genetic variation within 
whitebark pine.  Through a sequence of SNP filtering based on population genetic theory, we 
ultimately mined the whitebark pine genome for a sufficient number of reliable markers which 
produced phylogeographically informative information.   
Future studies would benefit substantially by the potential to map sequence reads to a 
whitebark pine reference genome, particular since mapping to the species relatively small 
transcriptome required culling over 99% of reads.  While harboring additional SNPs for 
phylogeographic purposes would be unnecessary, genomic resources for whitebark pine would 
increase the reliability of genotype calls to improve estimates of heterozygosity and allelic 
diversity.  In the meantime, to relieve issues with genotyping obscurity, we recommend future 
conifer studies to capitalize on the relative ease of using haploid genomic markers, which have 
been useful in recent genotype-by-sequencing applications and now have custom genotyping 
pipelines (Chen et al. 2013, Pan et al. 2014).  In the future, NGS data will converge on longer 
reads up to 500 bp long to create linked SNP data across a single locus, which could then be 
applied to phylogeographic analyses using more traditional haplotype-based techniques (Etter et 
al. 2011).   
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Testing phylogeographic questions within the complex environment characterizing 
northwestern North America leaves much to explore with respect to the evolutionary histories for 
many species.  Here, we used a widely dispersed conifer species and hypervariable SNP markers 
to assess patterns associated with the topological and climatic history of the region.  Consistent 
with previous studies, we found high intraspecific genetic variation amenable to longitudinal and 
latitudinal gradients across whitebark pine.  We also present spatial relationships indicative of 
historic glacial and post glacial genetic exchange.  We predict future phylogeographic research 
conducted across the northwestern North American landscape to benefit from the increasing 
resolution provided by genome-wide markers and high throughput genotyping methods.   
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Chapter 5: Conclusion  
5.1 Research questions  
 In Chapter 2, we presented evidence that the climatic niche of modern American plant 
lineages is correlated with that of their ancestors, located in the Circumboreal region as far back 
as the late Mesozoic (89 Mya).  This pattern is suggestive of plant lineages tracking suitable 
climates, despite millions of years of evolutionary change, climate cooling, and glacial cycles. 
Previously, evidence for the conservation of niche-related traits was lacking over deep 
evolutionary time, and our current analysis helped reduced this knowledge gap.  In Chapter 3, we 
empirically predicted climatically suitable areas for whitebark pine, projected into 2070 and 
associated with rising greenhouse gas concentrations.  Our predictions indicate that Wilderness 
Areas will provide most climatically viable habitat for whitebark pine with climate change; thus, 
a shift from historically hands-off Wilderness management may be necessary for whitebark pine 
long-term survival, in situ.  Based on these results, we advocate adaptive management strategies, 
including the increase of controlled burning to present alternative whitebark pine colonization 
opportunities, which have historically been important to the species survival among shade 
tolerant taxa.  In Chapter 4, we evaluated the impacts of the Last Glacial Maximum, and 
Pinaceae life history, on the genetic structure and variation within whitebark pine.  Our findings 
suggest that previous lowland distributions of the species facilitated gene flow between now 
geographically disparate populations, and a genetic pattern of isolation by distance across 
latitudinal and longitudinal gradients of the species.  Our results that show low genetic 
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differentiation across whitebark pine populations may be advantageous for a species largely 
isolated to high elevations and threatened by climate change, among other agents.      
5.2 Implications of detecting ancestral signal in modern climatic traits  
 Four decades ago, ecologists and evolutionary biologists widely considered niche-related 
traits too unstable to be examined within a phylogenetic context (Donoghue 2008).  At this time 
phylogenetics intended to avoid homoplasious relations, and ecological traits were considered 
susceptible to homoplasy.  In the 1990’s, a seminal paper changed this perspective (Peterson 
1999), and was the first of many studies showing evidence that ecological traits are conserved 
over time.  The results of Chapter 2 adds to the burgeoning literature on our progressive 
acknowledgement of similarities between forces acting at ecological and genetic levels. While 
ecological conservatism had been well studied across shorter time scales, ours is one of a handful 
of analyses conducted across deep evolutionary time, and to our knowledge the only spanning 
the Cenozoic.  Among related studies, Chapter 2 looks at the conservation of ecological traits 
across an additional 80 million years of evolutionary change and climatic fluctuation, not to 
mention multiple lineages distributed on a hemispheric scale (Eaton et al. 2008, Prinzing et al. 
2001, Evans et al. 2009, Stephens & Wiens 2009). While some previous research showed 
indirect support for constrained niche evolution through the Cenozoic, the methods employed 
geographical locations, including species latitudinal positions and distribution volume, as a 
proxy for ecological space (Ricklefs & Latham 1992, DeSantis et al. 2012). 
 A meta-analysis by Peterson (2011) presented a generally negative correlation between 
the length of time covered by a study investigating ecological conservatism and the degree to 
which the results supported niches being conserved, with only four studies covering the longest 
time scales on the order 106-107 million years.  Among 76 publications evaluated, 4 were from 
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this longest time frame, and 2 supported the hypothesis that niche-related traits had been 
conserved.  Therefore, Peterson advocated for future studies to pursue our understanding of traits 
being conserved across deeper phylogenetic levels, given the intuitive idea that ancestral to 
modern trait correlations break down over time.   
Longer-term studies, such as ours, are useful to our understanding of global 
biogeographical patterns, including the widely discussed latitudinal diversity gradient and 
ecological shifts through processes of speciation.  As in palms (Arecaceae), regions with high 
species richness may result from elevated diversification rates followed by species constrained to 
the local climatic niche (Wiens & Donoghue 2004, Svenning et al. 2008).  Biodiversity hotspots 
may therefore in part result from long-term ecological constraints succeeding speciation.  Based 
on previous research evaluating the extent of ecological stasis, there is some support that niche-
related traits are conserved at least through speciation events, on the order of 105-106 years, a 
longer time than is generally appreciated (Peterson 2011).  An ecological “trigger” may therefore 
be unnecessary for speciation.  Since most studies in Peterson’s meta-analysis, in addition to 
ours, used coarse scale definitions of the niche, we cannot suggest that speciation transpires 
without niche modification at finer scales, particularly since we tracked the central tendencies of 
each lineages’ climatic niche (Peterson 2011).  Therefore, while we may generally agree that 
speciation is rarely accompanied by niche evolution, the generality of our methods precludes 
further related conclusions.   
Despite the fundamental implications of long-term niche constraints to global patterns of 
diversification, our understanding of niche evolution is still in its infancy.  Future studies may 
benefit by using those methods presented in Chapter 2 to estimate an ancestral ecology of 
disjunct animal lineages, correspondingly subject to extreme climate fluctuation, and currently 
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spanning Eurasia and the Americas.  Plant-feedings insects, for example, which have been 
phylogenetically analyzed and their disjunctions dated, are speciose groups and have a 
Circumboreal ancestry shared with their plant hosts (Vila et al. 2011).  In addition to looking at 
animal taxa, studies evaluating long-term niche evolution would benefit by incorporating the rich 
flora of eastern Asia.  Trait estimations of the common ancestral taxon between American and 
Asian lineages, in addition to each of the sister lineages, could further allow for a three-way 
comparison of niche correlation.  Analyses specifically focusing on the diverse Asian flora may 
allow for further investigation of species-level trajectories of niche evolution, since great species 
richness in Asia would bolster analyses.  While, only a decade ago, species occurrence data 
would have been difficult to gather in Asia, data deposits such as the Global Biodiversity 
Information Facility (GBIF) have increased the availability of geographic locations for even 
widespread Asian taxa (GBIF 2016).   
A review by Wiens and colleagues (2010) recognized the prevalent evidence of niche 
conservatism, as well as its broad ties to seemingly unrelated research areas, such as tropical 
species richness, long-term distributions of invasive species, and patterns of community 
assembly.  Wiens further emphasized that future research directions would be to understand 
processes underlying the conservation of traits through time, in order to refine current 
conservation efforts.  From our study, we suggest that the correlation between the ancestral and 
descendant climatic niche was maintained by habitat tracking.  However, we were not able to 
distinguish which of the mechanisms led to plants tracking climates, whether they be constraints 
resulting from natural selection, gene flow, pleiotropy, or genetic variation (Wiens & Graham 
2005, Losos 2008).  Given the protracted length of time at which we may expect to find genetic 
mechanisms underlying niche evolution, and the near future threats of global climate change, we 
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can effectively draw conservation-related recommendations from our study without 
understanding the process behind the pattern.  Specifically, our results suggest that habitat 
tracking plays a major role on long-term species responses to climate change, and species 
reacting to future climate impacts should be constrained further by a more recent ancestry.  
Based on our results supporting long-term habitat tracking, in addition to other important works 
suggestive of this pattern (Svenning 2003, Eldredge 2005, Ackerly 2003, Raia 2012), we feel it 
will be critical to provide optimal connectivity of landscapes for species migrating in response to 
future climate change.  
 
5.3 Practical lessons from modeling the whitebark pine climatic niche with 
climate change  
 In Chapter 3, we considered the primary ecological forces affecting the current 
geographical distribution of whitebark pine, and evaluated trends in the species climatic niche 
shift with climate change.  Major biotic and abiotic impacts considered in our conclusion 
consisted of temperature and moisture gradients, dispersal by the Clark’s Nutcracker, pests and 
pathogens as current whitebark pine threats, and wildfire.  It is with the acknowledgment of these 
suites of variables, in addition to explicit statements of niche modeling limitations, that the 
interpretation of modeling results may draw appropriate information and practical 
recommendations for hands-on conservation efforts.  We also conclude that, unlike for many 
species, modeling applications specific to whitebark pine benefit from the availability of high 
density Forest Inventory and Analysis (FIA) species occurrence data (FIA 2014).  In addition to 
these species occurrences, there is a wealth of information about the species biology, largely 
resulting from its threatened status.       
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By drawing together results from Chapters 3 and 4, we highlight how the genetics of 
whitebark pine increases its suitability for niche modeling applications. In Chapter 4, we 
demonstrated that whitebark pine has little population genetic structure and high within 
population genetic variance.  These attributes of high genetic variation are typical of wind 
dispersed species comprising Pinaceae (Hamrick & Godt 1996, Steinhoff et al. 1983, Wheeler & 
Guries 1982, Yang & Yeh 1993), and genetic diversity of whitebark pine was shown to be even 
higher relative to conifer species of similar forest ecosystems (Mahalovich & Hipkins 2011, 
Bower et al. 2011).  Coincidentally, local adaptation in whitebark pine will be limited and 
overwhelmed by gene flow across the species range.  This species attribute is positive for 
ecological niche modeling applications, since models broadly characterize a unified niche, 
averaging over possibilities of local adaptation.  While Bower & Aitken (2008) presented 
moderate Qst values (0.36-0.47) of whitebark pine local adaptation with respect to cold 
tolerance, and weak regional differences associated with additional traits, climate change is 
expected to strongly increase minimum winter temperature values (IPCC 2007a).   
After synthesizing trends in changes of suitable whitebark pine habitat with climate 
change, we are confident in our assessment that the species climatic niche will become 
progressively restricted to United States Wilderness Areas, in the absence of rigorous restoration 
efforts.  While several researchers have noted the pending paradigm shift necessary in order to 
conserve species within protected areas (Millar et al. 2007, Kujala et al. 2013, Schwartz 2012), 
Wilderness Areas have gained relatively little attention, considering their high elevation 
distributions in the western United States.  Given the long whitebark pine lifespan, decades of 
time before reproductivity, soil attributes required for establishment, and dispersal by the Clark’s 
nutcracker, whitebark pine will not immediately track a geographically shifting climatic niche.  
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Therefore, our analysis largely focused on current whitebark pine populations, with broad 
implications for proactive and in particular adaptive conservation planning in a period of great 
environmental change.  Our predictions drawn from Chapter 3 are a first step towards addressing 
the uniqueness of Wilderness Areas, for providing future whitebark pine habitat specifically, but 
potentially climate refuges for multiple species of subalpine and alpine communities.     
A holistic view of the whitebark pine biology and effective restoration practices points to 
the broader significance of the species climatic niche becoming increasingly confined to 
Wilderness.  More than three decades of whitebark pine restoration studies present the 
importance of a returned fire regime to the species long-term success (Tomback 1982, Ryan & 
Reinhardt 1988, Arno and Hoff 1989, Burns & Honkala 1990, Tomback et al. 1990, Murray 
1996, Keane 2001, Lorenz et al. 2008, Lorenz & Sullivan 2009, Tomback & Achuff 2010).  
However, controlled burning has been a debated conservation management practice, given its 
sometimes hazardous implementation and generally negative views from the public.  Our 
findings, that climate change increases the elevation range of suitable whitebark pine habitat 
specific to Wilderness, further emphasizes the importance of restoration practices that provide 
lower elevation colonization opportunities for the species.  As the elevation at treeline is 
predicted to rise with climate change, and whitebark pine succumbs to competition from 
subalpine fir (Abies lasiocarpa (Hook.) Nutt.) and Engelmann spruce (Picea engelmannii Parry 
ex Engelm.) at these altitudes, post-fire establishment of whitebark pine will serve as an 
increasingly important and competitive strategy for the species persistence in the long term. 
The bigger picture of whitebark pine and climate change provides a lesson about adaptive 
conservation approaches, which have been recently discussed in conservation biology literature 
and promoted by the IPCC (Hobbs et al. 2006, Spittlehouse and Stewart 2003, Millar et al. 2007, 
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Kujala et al. 2013, Schwartz 2012, IPCC 2007b). An adaptive approach signifies openness to 
adjustments in conservation strategy, monitoring of implemented practices, and strategic 
refinement of management protocol through acquired information and learning (Hobbs et al. 
2006).  Wilderness Areas may struggle the most with adopting flexible management practices, 
since the original concept of Wilderness, and the political policies backing these protected lands, 
embody the maintenance of status quo.  Fortunately, many Wilderness Areas have accepted fire 
friendly policies, since their remote locations allows for burning without major effects on 
populated areas (Collins & Stephens 2007, Haire et al. 2013, Stephens & Ruth 2006). Adaptive 
practices expected to become more difficult to conduct in Wilderness will consist of blister rust 
resistant plantings of whitebark pine, to promote regeneration of dying forests, many of which 
have become whitebark pine “ghost forests” (Fryer 2002, Logan & Powell 2001).  As we expect 
to see continued decline of whitebark pine, openness to a variety of restoration techniques will be 
especially important to buffer the currently unpredictable aspects of climate change impacts on 
pests and pathogens.  Therefore, historically rigid conservation management within Wilderness 
Areas would benefit by adopting adaptive and flexible philosophies, in the midst of climate 
change and its array of broader impacts.      
We recommend future niche modeling studies to consider all foreseen ecological 
variables and species life history traits that affect a species distribution.  For example, we 
predicted climate change impacts on extant whitebark pine populations, accounting for the long 
generation time and unpredictable future establishment of the species.  We also recommend 
analyzing model projections of the realized rather than fundamental niche, when dense species 
occurrence data is available, in order to better incorporate biotic variables on which the model 
was not trained.  Since habitat fragmentation is expected to present a challenging scenario for 
  
173 
    
species migrating in response to climate change, we encourage future studies to consider 
distribution shifts with respect to the easily accessible resources on global protected areas of the 
WDPA, in addition to protected lands outside of this network (IUCN, UNEP-WCMC 2015).  
Future niche modeling applications will increase in their capacity to account for complex biotic 
interactions, such as competitive interactions and vulnerability to pests and pathogens, without 
overparameterizing models (Morales-Castilla et al. 2015).  In addition to this, climate data is 
increasingly able to capture microclimates resulting from landscape topology and knowledge of 
local weather patterns (Wang et al. 2012, Hijmans et al. 2005).  Until these developments 
improve further, climatic niche models in their current state are valuable tools offering 
information about coarse scale trends of climate change impacts on species distributions.   
 
5.4 Conserving genetic resources of whitebark pine under threatening 
circumstances 
 Results from Chapter 4 present a positive situation for whitebark pine, with respect to 
genetic variation within the species.  Consistent with previous population genetic and 
phylogeographic studies (Richardson et al. 2002, Mahalovich & Hipkins 2011, Bower et al. 
2011) most whitebark pine genetic variance is partitioned among individuals within populations, 
rather than among populations.  This evidence of weak population structure is typical for 
whitebark pine and confamilial species, given Pinaceae life history and specifically wind 
dispersed pollen (Hamrick & Godt 1996).  However, gene flow was not so high as to overwhelm 
lasting signatures of genetic structure reflecting post-glacial species distribution changes.  Since 
in Chapter 3 we predicted decreasing connectivity of whitebark pine populations with climate 
change, high gene flow will help reduce negative effects caused by the species predicted regional 
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isolation.  In addition, the Wilderness-dominated areas from Chapter 3, expected to support 
whitebark pine habitat with future climate change, were not the most closely related.  This 
finding suggests that genetically differentiated groups may be protected long-term, which 
positively diversifies the genetic structure of the species, buffering against potential impacts 
from climate change.        
Our results support the sufficiency of broad seed zones for the species genetic 
conservation programs.  Seed zones, as used in current whitebark pine restoration, define specific 
geographic regions from which groups of familial whitebark pine seeds are collected.  Seed 
collection leads to the propagation of seedlings, blister rust resistant screenings, and ideally rust 
resistant seedlings returned to their original seed zone for forest restoration (Mahalovich et al. 
2006, Mahalovich & Dickerson 2004, Keane 2012, Bower & Aitken 2008, Burns et al. 2008).  
Having coarse scale seed zones, and therefore fewer genetically defined regions, eases 
conservation efforts, since additional zones stress program resources and time.   
We highlight the critically declining state of whitebark pine and the species lack of 
immunity to possibly pending genetic bottleneck effects, from pests and pathogens, in addition to 
climate change and fire exclusion.  Whitebark pine mortality rates are high across the species 
range.  For example, on the higher end, Washington and Oregon show on average 44% mortality 
of whitebark pine (Goheen et al. 2002), and Canada’s Waterton Lakes National Park has 61% 
mortality of the species (Keane 2012).  Overall, stands vary from 0-100% infection rates and 
mortality.  Blister rust resistance levels are yet unclear, but sometimes healthy individuals remain 
in a whitebark pine stand, well after heavy infection.  While it is too early in screening to assess 
comprehensive levels of pathogen resistance across the species range, some areas such as 
Colville National Forest, Washington and Mt. Hood, Oregon show promising opportunities to 
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propagate resistant seedlings.  Unfortunately, blister rust infection sets the stage for mountain 
beetle attack, and the percentage of the whitebark pine range at high risk to beetle outbreaks is 
predicted to double between 2001 and 2070 (Carrol et al. 2006).  With declining seed crops, 
Clark’s nutcrackers may return and consume most seed caches, reducing future germination 
across the landscape.  With these threatening statistics, our analysis in Chapter 4 may have just 
missed an impending genetic bottleneck and increasing genetic differentiation among 
populations. 
The “rear edge matters,” is a common thread in studies on conservation genetics (Hampe 
& Petit 2005, Alberto et al. 2013), and highlights the need for future studies that merge questions 
relating to phylogeography and adaptation.  The importance of the rear edge refers to the 
potential for genetic variation and climate-related adaptive traits of species trailing edge 
populations, associated with poleward distribution shifts.  Based on our research, and further 
phylogeography and adaptation studies (Bower & Aitken 2008), it remains unclear the extent to 
which the whitebark pine post-glacial receding populations harbour critical genetic variation or 
local adaptation necessary for survival in warmer and drier climates.  Future research may 
improve conservation strategies by focusing in particular on whitebark pine populations 
occurring in the distinctly dessert-like biomes represented by the Great Basin highlands.  While 
not the southernmost populations of whitebark pine, they characterize disjunct distributions of 
dissimilar environments, which often lead to climate-related ecotypes (Hampe & Petit 2005, 
Alberto et al. 2013).  Furthermore, these populations may best represent the species receding 
edge, given the evidence that whitebark pine was at one time more prevalent in a Great Basin 
climate refuge (Wells & Berger 1967, Thompson & Mead 1982, Thompson 1990).  Some 
indication of local adaptation in the region is suggested by the different timing of three-year 
  
176 
    
bumper cone crops for Nevada populations, especially since cone crop cycles are generally stable 
within species of the subgenus Strobus (Mahalovich & Hipkins 2011).  That whitebark pine has 
continued to persist in the Great Basin, since the Last Glacial Maximum, suggests that these 
populations may have the genetic resources required to survive the warmer, and for the 
southeastern United States drier, conditions expected with future climate change (IPCC 2007a).  
In contrast to the expanding edge of whitebark pine, for which genetic patterns and local 
adaptation have been examined with more resolution (Bower & Aitken 2008, Mahalovich & 
Hipkins 2011, Bower et al. 2011, Richardson et al. 2002, Krakowski et al. 2003), the species 
rear edge populations remains understudied.  
Future studies in phylogeography and population genetics will someday become more 
powerful than the genome-wide SNP detection methods used in Chapter 4.  In the near future, 
SNP-based phylogeographic methods will benefit most by the increasing availability of reference 
genomes.  The 32-Gb sugar pine (Pinus lambertiana Douglas) genome was recently sequenced, 
a major step from sequencing the 22-Gb loblolly pine (Pinus taeda L.) genome, and there is 
discussion about pursuing that of whitebark pine in the near future (David Neale, UC Davis, 
personal communication).  Given the large genome size of whitebark pine (32 GB) and its 
abundance of repetitive DNA regions, referenced genome-based methods will help to resolve 
those phylogeographically informative markers located outside of repeated sequence regions.  As 
many reviews suggest, phylogeographic and population genetic tools will one day consist of 
routine whole-genome resequencing, in order to thoroughly test questions across geographic 
space and time (McCormack et al. 2013, Edwards et al. 2015, Brito & Edwards 2009).  The new 
problem would concern data storage issues and bioinformatic capacity, to maintain and analyze 
the vast amounts of sequence information available.  For a threatened species such as whitebark 
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pine, these improved genetic methods could be key to detecting dangerous levels of low genetic 
diversity in the species over the critically short timeframe of environmental transition predicted 
with climate change and threats associated with pests and pathogens.   
 
5.5 Concluding remarks 
Ecology and evolutionary biology studies fundamentally question the factors driving 
diversity of living things, the origin of this diversity, and how to conserve it within a changing 
environment.  These broad questions are closely connected to the theory that ecological traits are 
conserved through time, and there is accumulating evidence that that conservation of niche-
related traits has had a lasting impact on species distributions with past climate change.  Since 
there is strong support for ecological conservatism over shorter time scales, ecological niche 
modeling methods can be justified in predicting climatic niche shifts, with the understanding that 
species will track suitable habitats with anthropogenic climate change.  Protected areas generally, 
and Wilderness Areas of the western United States specifically, may become increasingly 
important as high elevation species seek climatic refuge in response to climate change.  In 
response, conservation policies and programs must be open to adopting, assessing, and learning 
from management practices.  A particularly adaptive response will be to increase the propensity 
of controlled burns, in order to return to historical processes that at one time contributed to 
whitebark pine colonization across a range of elevations.   While whitebark pine genetic 
diversity is currently high, the species critical state of decline will require future monitoring of 
potentially reduced genetic variation and regional genetic isolation.  The contemporary era of 
rapid progress in DNA sequencing technologies is bound to improve our understanding of 
patterns in gene flow and genetic drift in whitebark pine, which will be critical as the species 
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abundance and distribution is at risk.  Given the range of techniques in which to assess species 
responses to past and current climatic events, modern research is increasingly focusing on 
predicted species distributions impacted by future climate change. 
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Appendix 2.1 
(Chapter 2, Appendix 1) 
Disjunct plant lineages spanning Asia and North America, with their times of disjunction used to 
assess an ancestral climatic niche.  Location of land bridge and migration direction also noted. 
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Appendix 2.2 
(Chapter 2, Appendix 2) 
References of dated phylogenies, which were used to estimate the disjunction time and the 
ancestral climate niche.  This literature is in reference to the data presented in Chapter 2 
Appendix 1 (see column Taxon ID to match to Appendix 1).  
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Appendix 2.3 
(Chapter 2, Appendix 3) 
Species-level records of the paleotemperature at disjunction time (the ancestral niche) and each 
of the three temperature percentiles of modern descendant lineages occupying the Americas the 
current niche). 
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Appendix 3.1 
(Chapter 3, Appendix 1) 
Areas predicted to support the climatic niche of whitebark pine, at year 2070 and with a high 
greenhouse gas concentration scenario (RCP 8.5). 
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Appendix 3.2 
(Chapter 3, Appendix 2) 
Protected areas within the World Database of Protected Areas (WDPA) supporting the climatic 
niche whitebark pine, at year 2070 and with a high greenhouse gas concentration scenario (RCP 
8.5).  Protected lands are in alphabetical order first by state or province (column “ST”), and then 
by the name of the protected area (column “NAME OF PROTECTED AREA”).   
(“USA” = United States, “CAN” = Canada, and “Alb” = Alberta.) 
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